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PREFACE 

This  is  the  second  and  final  volume  on  the  research  project,  "Re- 
Evaluation  of  the  Ultimate  Strength  and  Behavior  of  High  Strength  Concrete 
Prestressed  I-Beam  Sections."  An  evaluation  of  the  adequacy  of  current 
design  procedures  for  higher  strength  concrete  AASHTO  I-girders  is  presented 
in  this  volume.  Where  necessary,  new  recommendations  are  given  for  the 
design  of  these  members.  This  study  includes  an  experimental  program  con- 
sisting of  nine  tests  on  six  full  scale  Type  I  and  Type  II  AASHTO  I-Girders 
with  concrete  strengths  ranging  from  8000  to  9000  psi.  An  evaluation  of  the 
recommendations  of  this  research  study  is  illustrated  with  the  example  of  an 
existing  structure  containing  prestressed  I-girders  and  a  cast-in-place  slab. 

This  work  was  conducted  as  Joint  Highway  Research  Project  No.  C-36- 
56W.  The  experimental  study  was  carried  out  at  the  Purdue  University  Civil 
Engineering  Structural  Laboratory.  The  specimens  were  fabricated  at  Hydro- 
Conduit,  Lafayette,  Indiana. 
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fpu  =  tensile  strength  of  prestressing  tendons 

fpy  =  specified  yield  strength  of  prestressing  tendons 

fr  =  modulus  of  rupture  of  concrete 

fse  =  effective  stress  in  prestressed  reinforcement,  (after  allowance  for  all 
prestress  losses) 

fsi  =  initial  stress  in  prestressed  reinforcement,  (after  allowance  for 
initial  prestress  losses) 

fsj  =  jacking  stress  in  prestressed  reinforcement 

fsp  =  concrete  splitting  tensile  strength 

ft  =  concrete  tensile  strength 

fy  =  yield  strength  of  nonprestressed  reinforcement 

h  =  overall  height  of  member 
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I  =  moment  of  inertia  of  section  resisting  externally  factored 
applied  loads 

lb  =  moment  of  inertia  of  beam  section 

Ic  =  moment  of  inertia  of  composite  section 

L  =  moment  of  inertia  of  beam  section  about  the  weak  axis 

1   =  span  length  of  beam 

Lb  =  flexure  development  length  of  prestressing  strand 

Ld  =  development  length  of  prestressing  strand 

Lt  =  transfer  development  length  of  prestressing  strand 

Mcr  =  moment  causing  flexural  cracking  at  section  due  to  externally 
applied  loads 

Mj  =  moment  at  section  due  to  unfactored  dead  load 

Mmax=  maximum  factored  moment  at  section  due  to  externally  applied  loads 

Mn=  nominal  moment  strength  at  section 

Mu  =  factored  moment  at  section 

Pel  =  effective  force  in  prestress  reinforcement  in  compression  flange 

Pe2  =  effective  force  in  prestress  reinforcement  in  tension  flange 

Qb  =  area  moment  of  beam  cross  section  about  centroid  of 
composite  section 

Qc  =  area  moment  of  composite  cross  section  about  centroid  of 
composite  section 

Av  total  Av  in  shear  span 

r  =  web  reinforcement  index, or 

bw  s  bwa 

s  =  spacing  of  shear  reinforcement  in  direction  parallel  to  longitudinal 
reinforcement, 

Si  =  Section  modulus  with  respect  to  the  extreme  compression  fiber 

S2  =  Section  modulus  with  respect  to  the  extreme  tension  fiber 

„VC  =  nominal  shear  strength  provided  by  concrete 
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Vci  =  nominal  shear  strength  provided  by  concrete  when  diagonal  cracking 
results  from  combined  shear  and  moment 

Vcw  =  nominal  shear  strength  provided  by  concrete  when  diagonal  cracking 
results  from  excessive  principal  tensile  stress  in  the  web 

Vj  =  shear  force  at  section  due  to  unfactored  dead  load 

Vi  =  shear  force  at  section  due  to  unfactored  live  load 

Vdl  =  shear  force  at  section  due  to  unfactored  dead  load 

Vll+i  =  shear  force  at  section  due  to  unfactored  live  load  plus  impact 

V;  =  factored  shear  force  at  section  due  to  externally  applied  loads  occurring 
simultaneously  with  Mmax 

Vn  =  nominal  shear  strength 

Vp  =  vertical  component  of  effective  prestress  force  at  section 

Vs  =  nominal  shear  strength  provided  by  shear  reinforcement 

Vu  =  factored  shear  force  at  section 

wc  =  unit  weight  of  concrete 

w0  =  self  weight  of  member 

yt  =    distance  from  centroidal  axis  of  gross  section  to  extreme  fiber  in  tension 

z  =  internal  moment  lever  arm 

Au  =  deflection  of  the  beam  at  ultimate  strength 

Ay  =  deflection  of  the  beam  when  the  strain  in  the  prestressing  strand  =  1% 

//  =  deflection  ductility  index,  -r— 

Ay 

x\pg 

pp  =  ratio  of  prestressed  reinforcement, 


bdp 


<j>  =  strength  reduction  factor 
wmax  =  maximum  prestressed  reinforcement  index 


wp  =  prestressed  reinforcement  index,  pp  — 
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ABSTRACT 

This  report  deals  with  the  evaluation  of  the  ultimate  behavior  of 
AASHTO  I-beams  with  concrete  strengths  up  to  9000  psi.  The  relevant 
AASHTO  and  IDOH  design  specifications  are  thoroughly  evaluated  based  on 
the  results  of  this  research.  The  findings  of  this  study  remark  the  many 
beneficial  implications  of  the  use  of  higher  strength  concrete  in  precast  pres- 
tressed  AASHTO  I-beams.  Higher  strength  concrete's  with  comparatively 
greater  compressive  strength  per  unit  weight  and  unit  volume  would  result  in 
reductions  in  dead  load  allowing  lighter  more  slender  bridges.  The  increased 
stiffness  of  higher  strength  concrete  is  advantageous  in  the  stability  and  con- 
trol of  deflections  in  these  longer  more  slender  structures.  The  larger  tensile 
and  compressive  strength  is  also  helpful  in  the  service  load  design  of  these 
members.  Furthermore,  the  inherent  relationship  between  higher  strength 
concrete  and  higher  quality  concrete  should  result  in  an  improved  long-term 
preformance  under  service  loads.  This  study  also  points  out  the  increased 
importance  of  adequate  detailing  of  higher  strength  concrete  members  to 
insure  ductile  behavior  under  ultimate  load.  At  simple  supports  of  typical 
bridge  structures  the  support  centerline  is  usually  between  six  and  twelve 
inches  from  the  end  of  the  beam,  and  as  a  result,  the  transfer  length  of  the 
strand  extends  into  the  shear  span.  Three  tests  conducted  during  this  study, 
using  this  standard  detailing,  resulted  in  a  premature  strand  anchorage 
failure  as  a  web-shear  crack  penetrated  into  the  transfer  length  of  the  strand. 
Although  the  specimens  tested  in  this  study  had  minimum  amounts  of  shear 
reinforcement  at  the  end  regions,  it  is  felt  that  the  use  of  higher  strength 
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concrete  in  pretensioned  beams  requires  an  evaluation  of  the  efficiency  of  the 
shear  reinforcement  in  preventing  this  mode  of  failure.  The  effect  of  strand 
debonding  in  pretensioned  beams  also  needs  further  study.  The  current 
AASHTO  and  the  Zia  and  Mostafa  methods  to  predict  transfer  length  of  the 
strand  were  also  evaluated.  The  results  of  this  study  showed  that  the  Zia 
and  Mostafa  method  predicted  better  the  transfer  length  of  the  strand. 


CHAPTER  1 

INTRODUCTION 


1.1  General 

Higher  strength  concrete  is  being  produced  by  precast  plants  manufactur- 
ing precast  I-girders  for  the  state  of  Indiana.  In  Volume  I1  of  the  final  report 
it  was  suggested  that  28  day  concrete  compressive  design  strength  for  these 
members  could  be  increased  to  6500  psi  without  substantial  changes  or  addi- 
tional cost  to  the  product.  Also,  the  study  conducted  on  the  engineering 
material  properties  for  compressive  strengths  up  to  9000  psi  indicated  that 
current  empirically  derived  expressions  could  be  used  to  determine  modulus  of 
elasticity  and  tensile  strength.  Volume  II  will  focus  on  the  structural  behavior 
and  current  design  procedures  of  prestressed  AASHTO  I-beams  fabricated 
with  the  higher  strength  concrete. 

1.2  Problem  Statement 

Many  of  the  current  design  equations  for  pretensioned  I-beams  were 
empirically  derived  for  concrete  compressive  strengths  less  than  6000  psi.  As 
indicated  in  the  state  of  the  art  report  by  ACI  Committee  3632,  extrapolation 
of  these  design  procedures  to  higher  strength  concrete  members  is  unjustified 
and  may  be  dangerous.  Thus,  before  the  multiple  advantages  of  higher 
strength  concrete  can  be  utilized,  it  is  necessary  to  investigate  the  ultimate 
strength  and  behavior  of  such  members  with  careful  control  on  the  actual 
concrete  strength. 


1.3    Objectives  of  the  Study 

The  structural  behavior  of  prestressed  AASHTO  I-beams  containing 
higher  strength  concrete  and  the  evaluation  of  current  flexure  and  shear 
design  procedures  for  these  members  are  the  main  objective  of  this  study. 
The  main  emphasis  is  focused  on  their  shear  behavior.  The  use  of  higher 
strength  concrete  in  the  fabrication  of  the  precast  I-sections  will  generally  not 
effect  the  ultimate  flexural  strength  of  the  composite  section  since  the 
compressive  force  of  the  internal  moment  typically  remains  with  the  cast-in- 
place  slab  which  has  compressive  strengths  ranging  from  3000  to  4000  psi. 
Also,  the  adequate  transportation  of  these  type  of  members  will  be  discussed 
along  with  other  relating  topics  effected  by  the  use  of  higher  strength  concrete 
in  the  fabrication  of  precast  prestressed  I-beams. 


CHAPTER  2 

THE  STRUCTURAL  BEHAVIOR  AND  DESIGN  OF 
PRESTRESSED  I-BEAMS  WITH  HIGHER  STRENGTH  CONCRETE 


2.1    General 

The  use  of  higher  strength  concrete  in  the  fabrication  of  I-beams  in  the 
State  of  Indiana  is  a  common  practice.  The  use  of  this  higher  strength  con- 
crete would  result  in  a  more  efficient  and  economic  structure.  However,  due 
to  the  empirical  nature  of  some  of  the  current  design  specifications  developed 
using  tests  of  beams  with  concrete  compressive  strengths  less  than  6000  psi,  it 
is  necessary  to  re-evaluate  such  specifications  before  they  can  be  extrapolated 
to  higher  strength  materials. 

This  chapter  reviews  and  evaluates  current  specifications  from  the  Indi- 
ana Department  of  Highways3  (IDOH)  and  American  Association  of  State  and 
Highway  Transportation  Officials4  (AASHTO)  and  available  literature  dealing 
with  the  structural  behavior  of  prestressed  AASHTO  I-girders.  The  flexure 
and  shear  behavior  of  these  members  is  discussed  in  detail.  In  addition,  the 
effects  of  higher  strength  concrete  on  the  behavior  are  presented.  The  topics 
of  horizontal  shear  strength  for  composite  action,  development  length  of  pres- 
tressing  strand,  lateral  stability,  and  use  of  trusses  as  behavioral  models  are 
also  discussed. 


2.2   Behavior  of  Prestressed  I- Beams 

The  behavior  of  a  bridge  superstructure  consisting  of  a  continuous  cast- 
in-place  slab  and  prestressed  concrete  AASHTO  I-girders  is  quite  complex. 
Several  loading  conditions  must  be  evaluated,  beginning  with  the  transfer  of 
the  prestress  force  to  the  I-beam  and  continuing  with  the  composite  super- 
structure under  all  loading  conditions.  Once  erected  into  position,  the  girders 
act  as  simply  supported.  In  this  stage,  the  beams  must  support  their  own 
weight,  transverse  diaphragms,  formwork  for  the  placement  of  the  slab,  and 
the  weight  of  the  cast-in-place  slab.  This  type  analysis  assumes  unshored 
construction.   Future  loads  are  resisted  by  the  continuous  composite  section. 

The  use  of  the  higher  strength  concrete  in  the  fabrication  of  prestressed 
I-beams  can  result  in  many  beneficial  effects  to  the  overall  structure.  Longer 
spans,  wider  lateral  spacing  of  I-girders,  increased  tensile  and  compressive 
strength  of  the  concrete,  and  control  of  deflections  are  some  of  the  benefits 
provided  by  the  increase  in  the  compressive  concrete  strength.  ~ 8 

Flexural  and  shear  behavior  of  the  composite  structure  are  the  main 
topics  discussed  in  this  section. 

2.2.1    Flexure 

Moments  produced  by  service  and  factored  loads  are  evaluated  at  criti- 
cal stages.  Stresses  produced  by  service  loads  and  prestressing  must  be  kept 
under  allowable  limits.  Under  the  assumption  of  elastic  behavior,  stresses  are 
calculated  using  gross  section  properties  of  the  I-beam  and  of  the  transformed 
composite  section  at  or  below  service  load  levels.  Under  ultimate  load  condi- 
tions the  flexural  strength  of  the  composite  section  must  be  greater  than  the 
moments  produced  by  factored  service  loads. 

Stresses  at  transfer  of  the  prestress  force  to  the  I-girders  is  the  first  criti- 
cal stage.     Two   methods   are  used   to   control  stresses   at   the  ends   of  the 


members  due  to  the  transfer  of  the  prestress  force,  draped  strand  or  debond- 
ing  of  a  percentage  of  the  total  number  of  strands.  Debonding  of  the  strand 
is  usually  achieved  by  the  strand  encapsulation  with  plastic  tubing.  Both 
methods  are  used  in  the  fabrication  of  prestressed  I-beams  for  the  State  of 
Indiana.  Stresses  in  the  prestressed  beam  due  to  handling  and  storage  must 
also  be  checked.  Once  the  design  strength  is  obtained,  the  members  are 
shipped  to  the  bridge  site.  The  simply  supported  I-girder  must  withstand  the 
construction  loads  including  diaphragms  and  the  cast-in-place  slab  for 
unshored  type  construction.   The  composite  section  resists  future  live  loads. 

The  ultimate  flexural  strength  of  the  composite  section  must  be  greater 
than  the  moments  produced  by  factored  service  loads.  The  ultimate  flexural 
strength  of  the  composite  section  is  given  by  AASHTO  Specification  (9.17.2), 


Mn=^Apsfpsdp(l-0.6pp  ~^)  (1) 


where,      <f>  =  strength  reduction  factor,  1.0  for  flexure 

Mn  =  nominal  moment  strength  at  section 

Aps  =  area  of  prestressed  reinforcement  in  tension  zone 

fps  =  stress  in  prestressed  reinforcement  at  nominal  strength 

dp  =  distance  from  extreme  compression  fiber  to  centroid  of 
prestressed  reinforcement  in  the  tension  flange 

ps 

pv  =  ratio  of  prestressed  reinforcement, 


bdp 


fc  =  compressive  strength  of  concrete  in  the  cast  in  place  slab 

The  following  assumptions  are  made  in  Equation  (1):  the  section  is  under- 
reinforced  and  the  depth  of  the  Whitney9  stress  distribution  remains  within 
the  depth  of  the  cast-in-place  slab.    Provided  the  effective  prestress  is  greater 


than  0.5  fpu,  the  stress  in  the  strand  at  ultimate  strength  is  given  in  AASHTO 
Specification  (9.17.4)  as: 


fps  =  fpu  (1  -  0.5  pp  -p-)  (2) 


where,   fps  =  stress  in  prestressed  reinforcement  at  nominal  strength 
fpu  =  tensile  strength  of  prestressing  tendons 
fc  =  compressive  strength  of  concrete  in  the  cast  in  place  slab 

/7p  =  ratio  of  prestressed  reinforcement, 


bdp 


Strain  compatibility  type  analysis  can  be  used  as  an  alternative  to  determine 
the  stress  in  the  strand  at  ultimate  strength. 

Higher  strength  concrete  can  produce  beneficial  effects  when  evaluating 
stresses  produced  by  service  loads,  and  on  the  ultimate  strength.  Figures  2.1 
and  2.2  show  a  typical  internal  distribution  of  stresses  at  different  stages  and 
resulting  forces  on  the  prestressed  I-beam  acting  alone,  and  on  the  composite 
section  under  positive  and  negative  bending  moments,  respectively.  The  nega- 
tive moment  shown  in  Figure  2.2  simulates  the  typical  behavior  of  a  section 
near  a  continuous  interior  support. 

The  increased  concrete  compressive  and  tensile  properties  strengthen 
midspan  regions  where  moments  will  be  larger  and  at  the  lower  flange  of  the 
prestressed  I-beam  near  interior  continuous  supports  where  compressive 
stresses  produced  by  negative  moments  could  exceed  allowable  limits. 

Figure  2.1  shows  that  at  ultimate  strength,  the  compression  block 
remains  within  the  slab  which  typically  has  compressive  concrete  strength  in 
the  range  of  3000  to  4000  psi.  At  the  negative  moment  region  shown  in  Figure 
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2.2,  the  compression  block  is  in  the  lower  flange  of  the  I-section.  Thus,  the 
increased  concrete  strength  of  the  I-section  can  be  utilized  in  the  evaluation  of 
the  flexural  strength  resisting  factored  negative  moments. 

2.2.2   Shear  Strength 

The  design  and  analysis  of  the  shear  strength  for  a  composite  section 
consisting  of  prestress  I-beams  and  a  cast-in-place  slab  is  not  as  straight  for- 
ward as  the  flexural  evaluation.  Three  different  methods  are  available  to 
evaluate  the  shear  strength.  AASHTO  Specifications  allow  two  possible  alter- 
natives and  IDOH  allows  a  third  one  in  the  design  of  the  web  reinforcement. 
The  latest  provision  recommended  by  1983  AASHTO  specifications  presents 
the  most  detailed  analysis  procedure;  however,  the  analysis  and  design 
become  very  cumbersome  and  unclear  when  dealing  with  continuous  struc- 
tures. The  1979  Interim  AASHTO  Specifications  presents  a  method  which  is 
easier  to  apply,  but  it  has  shortcomings  in  the  evaluation  of  the  true  behavior 
of  the  composite  section.  IDOH  is  the  simplest  of  the  three  methods  to  apply. 
The  IDOH  specification  is  a  modification  of  some  of  the  earliest  recommenda- 
tions applied  to  prestressed  concrete. 

Each  design  procedure  shall  be  discussed  in  detail  along  with  the  use  of 
higher  strength  concrete. 

2.2.2.1   IDOH  Specifications 

Indiana  Department  of  Highways  recommends  that  the  amount  of 
web  reinforcement  be  determined  by 

...         3    (Vu-Vp)s 


10 


where,        Av  =  area  of  shear  reinforcement  within  a  spacing  s 
1.3 


V„  = 


VDL  +  j  VLL+i 


Vol  =  shear  force  at  section  due  to  unfactored  dead  load 
Vll+i  =  shear  force  at  section  due  to  unfactored  live  load  plus  impact 
4>  =  strength  reduction  factor,  0.9 
Vp  =  vertical  component  of  effective  prestress  force  at  section 
fy  =  yield  strength  of  shear  reinforcement 
h  =  overall  height  of  member 

This  design  specification  has  its  roots  in  the  design  procedure  proposed 
by  T.Y.  Lin  as  early  as  1956.  In  an  opening  statement  to  his  book,  "Pres- 
tressed  Concrete  Structures,10"  T.Y.  Lin  wrote,  "To  engineers  who,  rather 
than  blindly  following  the  codes  of  practice,  seek  to  apply  the  laws  of  nature." 
At  that  time,  there  was  no  specifications  or  guidelines  for  the  shear  design  of 
prestressed  members.  The  Building  Code  Requirements  for  Reinforced  Con- 
crete11 (ACI-1956)  were  based  on  an  elastic  analysis  to  determine  the  amount 
of  web  reinforcement.  When  the  shear  at  the  section  of  interest  exceeded  the 
allowable  concrete  shear  strength,  the  remainder  of  the  shear  had  to  be  car- 
ried by  web  reinforcement  stressed  to  some  fraction  of  its  yield  stress.  How- 
ever for  the  stirrups  to  be  stressed,  the  concrete  has  to  be  cracked;  this  would 
then  invalidate  the  assumptions  of  elastic  behavior.  In  part  due  to  this  incon- 
sistency, Lin  stated,  "To  ensure  safety  under  overloads,  ultimate  design  mus't 
be  adopted."  The  first  proposed  ultimate  strength  design  procedure  can  be 
summarized  as  follows: 


1.     Compute  the  total  ultimate  shear  at  the  section.   A  load  factor  of  2  was 
chosen. 


11 


2.  The  web  reinforcement  is  assumed  to  carry  the  ultimate  shear  less  the 
vertical  component  of  the  draped  strand. 

3.  Assume  that  the  shear  crack  has  a  45°  projection.  The  number  of  stirr- 
ups crossing  the  crack  is  — . 

s 

4.  Assuming  the  stirrups  to  be  at  the  yield  stress,  equating  vertical  forces, 
and  solve  for  the  area  of  web  reinforcement.  The  proposed  design  equa- 
tion from  this  approach  is  shown  below 

<V,-Vp)s  (4) 


where,  Av  =  area  of  web  reinforcement  within  a  spacing  s 
Vu  =  factored  shear  force  at  section 

Vp  =  vertical  component  of  effective  prestress  force  at  section 
f    sa  yield  strength  of  shear  reinforcement 
h  =  overall  height  of  member 

Figure  2.3  shows  the  free  body  used  to  illustrate  this  procedure.  Equation  (4) 
assumes  a  45°  failure  crack,  the  concrete  provides  no  resistance  at  ultimate 
strength  ie.  no  contributions  from  aggregate  interlock  across  the  shear  crack 
or  from  the  uncracked  concrete  at  the  tip  of  the  crack,  and  the  effect  of  the 
axial  compression  produced  by  the  prestress  force  is  neglected,  all  of  which 

are  conservative  assumptions. 

3 
Equation  (3)  is  similar  to  Equation  (4),  but  with  a  constant  of  —  to 

obtain  the  required  area  of  web  reinforcement.  This  factor  recognizes  the 
effects  of  any  concrete  contribution  and  precompression  due  to  the  presence  of 

prestress  to  avoid  unnecessary  conservatism.   The  concrete  strength,  although 

3 
not  directly  reflected  in  Equation  (3),  is  then  represented  in  the  —  factor. 
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2.2.2.2   AASHTO  1079  Interim  Specifications 

Current  AASHTO  Bridge  Specifications  permit  the  use  of  the  1979 
Interim  Specifications12  as  an  alternate  method  to  determine  the  amount  of 
web  reinforcement.   The  area  of  web  reinforcement  is  calculated  as  follows: 


1    (Vu  -Vc)s 


where,         Vu  =  — — 


VDL  +  j  vLL+I 


Vdl  =  shear  force  at  section  due  to  unfactored  dead  load 
Vll+i  =  shear  force  at  section  due  to  unfactored  live  load  plus  impact 
(f>  =  strength  reduction  factor,  0.9 
Av  =  area  of  shear  reinforcement  within  a  spacing  s 
fy  =  yield  strength  of  shear  reinforcement 
jd  =  internal  moment  arm 
Vc  =  0.06  fc  bw  jd  but  not  more  than  180  bw  jd 
with  bw  being  the  web  width  of  I-section 

For  continuous  bridges,  web  reinforcement  shall  be  designed  for  the  full  length 
of  the  interior  spans  and  for  the  interior  three-forths  of  the  exterior  spans. 
This  provision  indicates  that  the  presence  of  shear  in  addition  to  flexure  pro- 
duces a  critical  inclined  shear  crack  from  a  previously  formed  flexure  crack. 
Hence,  the  locations  of  high  moments  and  shears  are  evaluated  for  web  rein- 
forcement. 

The  1958  ACI-ASCE  Joint  Committee  32313  "Tentative  Recommendations 
for  Prestressed  Concrete"  serve  as  the  basis  for  Equation  (5).  The  load  fac- 
tors recommended  by  the  AASHTO  Committee  on  Bridges  and  Structures  at 
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that  time  were  1.5  for  dead  Load  and  2.5  for  Live  Load.  These  factors  were 
considered  adequate  for  spans  of  moderate  length  and  simply  supported. 
Equation  (5)  includes  a  concrete  contribution;  the  effects  of  the  precompres- 

sion  produced  by  the  prestress  force  are  accounted  for  in  the  —  factor.    The 

—  factor  shall  be  increased  as  the  amount  of  prestress  force  is  reduced  and 

the  member  approaches  conventionally  reinforced  concrete.  The  procedure  to 
conduct  this  transfer  from  conventionally  reinforced  concrete  to  prestressed  is 
not  clear.  Using  this  expression,  the  shear  needs  to  be  investigated  only 
within  the  middle  half  of  the  span  length.  The  web  reinforcement  required  at 
these  points  should  then  be  used  throughout  the  outer  quarters  of  the  simply 
supported  span.   The  design  of  continuous  members  is  not  addressed. 

The  use  of  higher  strength  concrete  is  not  reflected  in  Equation  (5),  since 
for  compressive  strengths  in  excess  of  3000  psi,  the  Vc  term  is  equal  to  a  con- 
stant value  of  180  bw  jd. 

2.2.2.3  AASHTO  1083  Specifications 

AASHTO  Specification  9.20  presents  the  third  and  most  current 
method  available  to  evaluate  the  shear  strength  of  a  prestressed  member. 
Members  subjected  to  shear  must  be  designed  to  satisfy  Equation  (6)  written 
as, 

VU<<MVC+VS)  (6) 

where,  Vu  =  factored  shear  force  at  section 

Vc  =  nominal  strength  provided  by  concrete 

Vs  =  nominal  strength  provided  by  shear  reinforcement,  Av  fv  — 

'    s 


15 


<j>  =  strength  reduction  factor,  0.90  for  shear. 

The  shear  strength  provided  by  the  concrete  as  specified  in  AASHTO 
(9.20.2)  shall  be  taken  as  the  lesser  of  Vcw  or  Vc;.  Two  types  of  shear  cracks 
are  recognized  by  this  particular  provision,  web  shear  cracks  and  inclined 
flexural  shear  cracks. 

The  term,  Vcw  predicts  the  load  required  to  produce  a  web  shear  crack; 
this  type  of  cracks  typically  appears  in  regions  of  high  shear  and  small 
flexural  stresses: 

Vcw  =  (  3.5Vf7  +  0.3  fpc  )  bw  d  +  Vp  (7) 


where,  Vcw  =  nominal  shear  strength  provided  by  concrete  when  diagonal 
cracking  results  from  excessive  principal  tensile  stress  in 
the  web 

fc  =  compressive  strength  of  concrete 

fpc  =  compressive  stress  in  concrete  (after  allowance  for  all  losses) 
at  the  centroid  of  cross  section  resisting  externally  applied 
loads  or  at  junction  of  web  and  flange  when  the  centroid  lies 
within  the  flange.   In  a  composite  member,  fpc  is  resultant 
compressive  stress  at  centroid  of  composite  section,  or  at 
junction  of  web  and  flange  when  centroid  lies  within  the 
flange,  due  to  both  prestress  and  moments  resisted  by  precast 
member  acting  alone. 

bw  =  web  width 

d  =  distance  from  extreme  compression  fiber  to  centroid  of 
tension  reinforcement 

Vp  ass  vertical  component  of  effective  prestress  force  at  section 

Equation  (7)  is  an  empirical  approximation  to  the  elastic  solution  of  the  prob- 
lem. The  shear  required  to  produce  a  web  shear  crack  is  determined  by  calcu- 
lating the  principal  tension  stress  at  the  centroid  of  the  cross  section  and  set- 
ting it  equal  to  the  tensile  strength  of  the  concrete.    Shown  in  Figure  2.4  is  a 
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(fpc.t) 


Figure  2.4  -  Web  Shear  Crack,  Vcw  Elastic  Solution  for   Non-Composite  Section 
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typical  web  shear  crack  in  an  I-section.  Mohr's  circle  can  be  used  to  obtain 
the  elastic  solution  of  the  principal  stresses.  The  presence  of  the  axial  pres- 
tress  force  flattens  the  angle  of  the  crack  with  respect  to  a  horizontal  plane. 
Using  Mohr's  Circle  and  solving  for  the  shear  force  required  to  produce  a 
principal  tensile  stress  equal  to  the  tensile  strength  of  the  concrete,  Vcw 
becomes: 


for  non-composite  sections 


V, 


lb  hw    t 

"oTfl 


V77? 


(8) 


and,  for  composite  sections  (see  Appendix  B  for  derivation) 


ft 


V 


1  + 


f', 


-V, 


Qt 


Ihb, 


+  Vd 


(9) 


where,     I^  =  moment  of  inertia  of  beam  section 

Ic  =  moment  of  inertia  of  composite  section 

bw  =  web  width 

Qb  =  area  moment  of  beam  cross  section  about  centroid  of 
composite  section 

Qc  =  area  moment  of  composite  cross  section  about  centroid  of 
composite  section 

fpc  =  compressive  stress  in  concrete  (after  allowance  for  all  losses) 
at  the  centroid  of  cross  section  resisting  externally  applied 
loads.   In  a  composite  member,  fpc  is  resultant  com- 
pressive stress  at  centroid  of  composite  section  due  to  both 
prestress  and  moments  resisted  by  precast  member  acting 
alone.   This  assumes  the  centroid  of  the  composite  section 
remains  within  the  web. 

ft  =  concrete  tensile  strength 

Vj  =  shear  force  at  section  due  to  unfactored  dead  load  resisted 
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by  the  non-composite  section 

When  the  centroid  of  the  section  is  in  the  flange,  the  junction  of  the  web  and 
flange  is  considered  to  be  the  critical  location  of  a  web  shear  crack.  In  this 
case,  the  calculation  of  the  compressive  stress  in  the  concrete,  fpc,  is  a  func- 
tion of  the  external  load;  hence,  a  trial  an  error  method  must  be  used  to 
determine  the  cracking  load. 

Figure  2.5  compares  the  elastic  solution  given  by  Equation  (8),  versus  the 
AASHTO  prediction,  Equation  (7).  The  two  equations  set  the  tensile  strength 
of  the  concrete  equal  to  3.5  "vfc .  It  should  be  noted  that  Figure  2.5  is  a  nor- 
malized graph  comparing  the  shear  stress  to  the  compressive  stress  fpc  at  the 
centroid  of  the  section.  To  obtain  the  shear  force  required  to  produce  a  web 
shear  crack  in  a  non-composite  section,  the  elastic  solution  is  multiplied  by 

lb  bw 
the  constant  — — — ,  and  the  AASHTO  prediction  is  multiplied  by  bw  d.    The 

Qb 

ACI  318-83  Building  Code14,15  allows  the  use  of  the  elastic  solution,  with  the 
tensile  strength  of  the  concrete  equal  4*\/fc,  as  an  acceptable  alternative. 
The  1983  AASHTO  Specifications  does  not  include  the  use  of  the  elastic  solu- 
tion as  an  alternative. 

Equations  (8)  and  (9)  were  first  proposed  based  on  work  conducted  at  the 
University  of  Illinois.16  A  value  of  5  "v  fc  was  suggested  for  the  tensile 
strength  of  concrete.  This  value  was  determined  from  tensile  strength  of  split 
cylinder  tests.  Figures  2.6  and  2.7  show  comparisons  of  the  AASHTO  approx- 
imation, Equation  (7),  and  the  elastic  solution,  Equation  (8),  for  the  non- 
composite  AASHTO  Type  I  and  Type  II  sections,  respectively.  Both  figures 
indicate  that  the  elastic  theory,  setting  the  tensile  strength  of  concrete  equal 

to  5  *V  fc ,  compares  relatively  well  to  the  AASHTO  prediction  for  the  Type  I 
and  Type  II  beams. 


19 


•* 


Oh 


H 

-a 
c 

O 
H 
K 

CO 

3 


O 


C/3 


ci 


^ 


20 


c 

C3 

o 


O 


C/3 


SO 


fc 


21 


oo 


u> 


J% 


s 

c 

o 

CO 


o 


GO 


O 

CVJ 


8 

oo 


8 


>% 


o 
o 


22 


The  second  cracking  mechanism  represented  by  the  term  Vc;  reflects  the 
shear  required  to  produce  a  critical  inclined  shear  crack  originated  from  a 
flexure  crack: 


Vci  =  0.6  Vf7bw  d  +  Vd  +  —-2-  >  1.7  VfTbw  d  (10) 


where,      Vcj  =  nominal  shear  strength  provided  by  concrete  when  diagonal 
cracking  results  from  combined  shear  and  moment 

fc  =  compressive  strength  of  concrete 

bw  =  web  width 

d  =  distance  from  extreme  compression  fiber  to  centroid  of 
tension  reinforcement 

Vd  =  shear  force  at  section  due  to  unfactored  dead  load 

V;  =  factored  shear  force  at  section  due  to  externally  applied 
loads  occurring  simultaneously  with  Mmax 

Mmax  =  maximum  factored  moment  at  section  due  to  externally 
applied  loads 

Mcr  =  moment  causing  flexural  cracking  at  section  due  to 
externally  applied  loads 

=    -L(6\/f7+fpe-fd) 

yt 

I  =  moment  of  inertia  of  section  resisting  externally  factored 
applied  loads 

yt  =  distance  from  centroidal  axis  of  gross  section  to  extreme 
fiber  in  tension 

fpe  =  compressive  stress  in  concrete  due  to  effective  prestress 
forces  only  (after  allowance  for  all  prestress  losses)  at 
extreme  fiber  of  section  where  tensile  stress  is  caused 
by  externally  applied  loads 

fd  =  stress  due  to  unfactored  dead  load,  at  extreme  fiber  of 
section  where  tensile  stress  is  caused  by  externally 
applied  loads 

Equation    (10)    is    an    empirical    prediction    of    the    flexure-shear    cracking 
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mechanism.  Figure  2.8  shows  a  typical  inclined  shear  crack  along  with  the 
corresponding  shear  and  moment  diagram.  The  equation  to  predict  the  shear 
force  required  to  produce  this  type  of  crack  was  first  proposed  based  on  work 
conducted  at  the  University  of  Illinois.16  It  is  assumed  that  a  critical  inclined 
shear  crack  has  a  horizontal  projection  equal  to  the  structural  depth,  d.    The 

formation  of  a  second  flexural  crack,  at  a  distance  equal  to  —  from  the  loca- 
tion of  the  point  load,  is  the  event  that  triggers  actual  collapse.  The  shear 
required  to  produce  the  second  flexure  crack  is 


v,     Mcr  (ID 

M._d_ 

V        2 


An  additional  increment  of  load  equal  to  1  V  f'c  bw  d  was  said  to  produce 
the  critical  inclined  shear  crack  after  the  formation  of  the  second  flexural 
crack.  Thus,  the  shear  required  to  produce  a  critical  inclined  flexure  shear 
crack  is 


f 

V        2 


Vci  =  lVfTbwd  +  1^T  (12) 


The  test  load  required  to  produce  a  critical  inclined  flexure  shear  crack  versus 
the  shear  required  to  produce  a  flexure  crack  at  a  distance  —  from  the  point 

load  letting  the  flexural  tensile  strength  of  the  concrete  equal  6  V  fc ,  is  plot- 
ted in  Figure  2.9  for  the  Illinois  test  data.  Equation  (12)  is  shown  to  represent 
the  average  of  the  test  data.  Equation  (10),  the  AASHTO  prediction,  is  Equa- 
tion (12)  with  two  conservative  changes.  The  first  term  represents  the  incre- 
mental load  required  to  produce  the  critical  inclined  shear  crack.     The  factor 
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Figure  2.8  -  Flexure  Shear  Crack,  Vci  Derivation 
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of  0.6  has  been  applied  which  has  the  affect  of  producing  a  lower  bound  to  the 

test  data  shown  in  Figure  2.9.    Second,  the  value  of  —  has  been  eliminated 

from  the  third  term  for  convenience.    Also,  the  shear  produced  by  dead  and 
live  load  has  been  separated  into  two  terms. 

The  1983  AASHTO  Specifications  for  shear  were  re-evaluated  in  a  study 
conducted  by  Elzanaty  et  al.17'18  at  the  University  of  Cornell  for  higher 
strength  concretes.  The  study  re-evaluated  the  Vcw  and  Vc,  equations 
predicting  a  web  shear  and  a  inclined  flexure  shear  crack,  respectively.  Con- 
crete compressive  strengths  ranged  from  6000  to  12000  psi.  Two  type  of 
beams  were  fabricated,  CW  series  and  CI  series.  The  section  geometry  and 
properties  are  shown  in  Figure  2.10  and  Table  2.1,  respectively.  The  beams 
were  tested  using  a  symmetric  two  point  loading  system.  Each  series  con- 
sisted of  17  beams,  8  with  web  reinforcement  and  9  without.    Variables  stu- 

a 
died    included;    concrete   strength,    —    ratio,    effective    prestress    force,    and 

d 

amounts  of  longitudinal  and  web  reinforcement.  ■    - 

Figure  2.11  plots  the  test  data  of  the  17  beams  of  the  CW  Series  along 
with  the  AASHTO  and  elastic  theory  for  predicting  the  formation  of  a  web 
shear  crack.  The  presence  of  web  reinforcement  is  shown  to  have  no  effect  on 
the  behavior  of  the  beam  prior  to  the  formation  of  a  web  shear  crack.  Com- 
paring the  data  to  the  elastic  theory  indicates  that  the  tensile  strength  of  con- 
crete is  between  4  "v  fc  and  5  "X/fc  with  4  *\/fc  providing  a  safe  lower 
bound.  As  the  concrete  strength  of  the  beams  increase  and  the  effective  pres- 
tress force  remains  constant,  the  ratio  ==-  decreases  and  the  AASHTO 

prediction  equation  becomes  more  conservative. 

Figure  2.12  plots  the  test  data  of  15  beams  of  the  CI  Series  along  with  the 

AASHTO  equation.  However,  the  —  term  is  included  for  comparison  with  the 
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Figure  2.10  -  Cross  Section  of  CI  and  CW  Series,  Cornell  Study 


Table  2.1  -  Section  Properties,  Cornell  Study 


CI  Series 

CW  Series 

h    (in) 

14 

18 

K  0") 
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Ab(in2) 
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84 

QbOn3) 
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Ib  K) 

2046 

3383 

c,  (in) 

5.51 

9.00 

c2  (in) 

8.49 

9.00 

S,  On3) 

371 

376 
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376 

w0  (Plf) 

95 

88 
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Illinois  study.  The  test  data  follows  the  trend  of  the  Illinois  study  quite  well. 
The  AASHTO  equation  is  shown  to  be  a  lower  bound  of  the  test  data  includ- 
ing the  —  term.   Removing  the  —  term  would  have  the  result  of  shifting  the 

data  to  the  left  which  would  result  in  additional  conservatism.  The  test  data 
indicates  that  as  the  compressive  concrete  strength  is  increased,  producing  an 
increase  in  the  cracking  moment,  the  AASHTO  prediction  becomes  more  con- 
servative. 

The  1983  AASHTO  specification  indicates  that  the  load  required  to  pro- 
duce a  web  shear  crack  and  a  inclined  flexure  shear  crack  is  the  concrete  con- 
tribution at  ultimate  strength.  The  capacity  of  the  web  reinforcement  is 
added  as  a  separate  term.  The  concrete  and  web  reinforcement  represent  the 
nominal  shear  capacity  of  the  section.  The  effect  of  higher  strength  concrete 
is  reflected  in  the  equations  predicting  the  concrete  contribution,  Vcw  and  Vc; 
since  both  equations  contain  the  compressive  strength  of  the  concrete. 

2.2.2.4   Discussion  of  Current  Shear  Specifications 

Three  shear  design  specifications  available  for  the  design  of  continu- 
ous composite  structures  using  prestressed  I-beams  have  been  discussed  along 
with  their  origin.  In  this  section  a  comparison  between  these  shear 
specifications  is  conducted. 

The  design  and  analysis  of  a  multi-span  continuous  structure  consisting 
of  a  cast-in-place  deck  and  prestressed  I-beams  can  be  quite  difficult.  Many 
different  load  cases  must  be  evaluated  throughout  the  fabrication  and  life  of, 
the  structure.  The  evaluation  of  the  effects  of  service  and  factored  loads  is 
conducted  by  developing  design  envelopes  which  represent  the  maximum  and 
minimum  bending  moments  and  maximum  shear  force  throughout  the  length 
of  the  structure.    AASHTO  specified  loading  conditions  are  used  to  develop 
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these  envelopes. 

In  the  following  discussion  of  the  three  design  specifications  the  effects  of 
draped  strand  are  neglected.  The  comparison  is  conducted  in  terms  of  shear 
strengths  predicted. 


IDOH  Specifications 

4    Av  f v  h 
v    =  —  y 

n        3         s 


AASHTO  1979  Interim  Specifications 

Av  fv  id 
Vn  =  2  y        +  180bwjd 

s 

AASHTO  1983  Specifications 

Vn=(Vc+Avfy  A) 

s 

The  concrete  contribution,  Vc,  is  taken  as  the  lesser  of  the  two  equations,  Vcw 
and  Vpi: 


Vcw  =  (  3.5 VfT  +  0-3  fpc  )  bw  d 


and 


Vci  =  0.6  V?  bw  d  +  Vd  +  -L-^-  >  1.7  VfT  bw  <* 


The  IDOH  specifications  are  by  far  the  easiest  to  apply.  The  design 
engineer  develops  the  shear  envelope,  reflects  the  type  and  size  of  web  rein- 
forcement to  be  used  in  the  structure,  obtains  the  height  of  the  section  and 
proceeds  to  design  the  spacing  of  the  web  reinforcement.    The  spacing  must 


32 


also  satisfy  spacing  limits  and  horizontal  shear  strength  requirements. 

The  1979  Interim  Specifications  are  also  very  simple  to  apply.  For  con- 
crete strengths  in  excess  of  3000  psi,  a  constant  value  representing  the  con- 
crete contribution  is  assumed.    Since  the  critical  region  is  located  at  —  the 

clear  span,  the  formation  of  web  shear  cracks  is  not  addressed  by  this  equa- 
tion which  can  result  in  the  lack  of  required  web  reinforcement  near  the  end 
region  of  an  exterior  span  where  shear  forces  are  large  and  the  web  of  the  I- 
beam  is  relatively  thin. 

The  1983  Specifications  recognizes  two  types  of  shear  cracks.  The  load 
required  to  produce  these  shear  cracks  is  assumed  to  represent  the  concrete 
contribution  at  ultimate  strength.  The  specifications  require  a  great  deal  of 
calculations  and  understanding.  Problems  arise  when  designing  continuous 
structures.  The  equation  predicting  the  web  shear  crack,  Vcw  is  simplest  of 
the  two  crack  predictions  to  apply.  This  equation  will  typically  control  near 
the  end  regions  of  exterior  spans  for  a  structure  consisting  of  prestressed  I- 
beams.  The  Vc;  equation  predicting  the  load  required  to  produce  a  critical 
inclined  flexure  crack  is  the  most  difficult  to  use.   Problems  arise  in  evaluating 

Vj  Mcr 
the  third   term  in   the  Vc;   equation,    — .     Mcr   is   the  moment  causing 

"'max 

flexural  cracking  at  section  due  to  externally  applied  loads.  Mmax  is  the  max- 
imum factored  moment  at  section  due  to  externally  applied  loads,  and  V,  is 
the  factored  shear  force  at  section  due  to  externally  applied  loads  occurring 
simultaneously  with  Mmax.  The  difficulties  stem  from  the  fact  that  the  max- 
imum shear  force  envelope  can  not  be  used  in  this  calculation  since  the  posi- 
tion of  the  load  producing  maximum  moment  is  most  likely  not  the  position 
producing  maximum  shear.  In  addition,  if  the  AASHTO  truck  loading  is  used, 
two  values  of  shear  exist  at  the  section  of  interest.    To  be  conservative,  one 
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would  chose  the  algebraically  lesser  of  the  two  shear  values  for  V;.  The 
designer  must  also  contend  with  lane  loads  which  may  control  the  maximum 
moment.  Thus  the  evaluation  of  Vc;  can  present  great  difficulties  to  the 
design  engineer  and  with  two  other  design  alternatives  available,  it  is  not 
surprising  that  the  AASHTO  1983  Specifications  are  not  generally  used  in  the 
design  of  continuous  structures  containing  prestressed  I-beams  and  a  cast-in- 
place  deck. 

The  comparison  of  the  three  design  equations  between  the  quarter  points, 
of  a  span  is  conducted  using  the  following  assumptions:  for  the  1983 
AASHTO    Specifications    Vci    controls    and    Vci  =  1.7  VfT  bw  d,    d  =  0.9  h, 

j  =  0.9,    the    web    reinforcement    contribution    Vs  =  Av  fv  — ,    the    concrete 

'    s 

compressive  strength  of  the  prestressed  I-beam  is  5000  psi.  Solving  for  the 
nominal  shear  strength,  the  three  design  equations  reduce  to, 

IDOH  Specifications 
Vn  =  1.48Vs 

AASHTO  1979  Interim  Specifications 
Vn  =  1.8  Vs  +  162  bw  d  (psi) 

AASHTO  1983  Specifications 
Vn  =  Vs  +  120  bw  d  (psi) 

The  AASHTO  1979  Interim  Specifications  nominal  shear  capacity  is  substan- 
tially greater  than  the  IDOH  or  AASHTO  1983  Specifications  with  the 
assumptions  made.  It  appears  that  the  IDOH  and  AASHTO  1983 
Specifications  would  give  very  similar  results. 
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Further  comparison  of  the  IDOH  and  1979  Interim  Specifications  are 
made  using  the  test  results  of  the  Cornell  study.  Table  2.2  contains  the 
results  for  the  beams  containing  web  reinforcement.  The  CW  Series  were 
designed  to  evaluate  the  web  shear  capacity  of  prestressed  beams  containing 
high  strength  concrete.  Both  provisions  underestimate  the  failure  load.  The 
CI  Series  were  designed  to  evaluate  the  formation  of  flexure  shear  cracks  for 
beams  containing  high  strength  concrete.  Again,  the  IDOH  provisions  are 
conservative.  However,  the  1979  Interim  Specifications  is  less  conservative 
with  a  few  exceptions. 

The  1979  Interim  Specifications  do  not  recognize  the  formation  of  web 
shear  cracks.  This  is  shown  in  the  comparison  of  the  test  results  where  the 
estimate  was  quite  conservative  for  the  CW  Series  and  is  less  conservative  for 
the  CI  Series.  The  IDOH  provisions  does  not  recognize  the  type  of  shear 
crack;  however,  the  provision  was  conservative  for  both  Series. 

In  chapter  4,  the  analysis  of  an  existing  bridge  is  conducted  to  further 
evaluate  the  current  shear  specifications. 

2.3   Special  Topics 

A  review  of  specific  topics  which  are  relevant  in  the  discussion  of  the 

results  of  this  study  will  be  given  in  this  section.   The  topics  included  are: 

1.  Horizontal  Shear  Strength 

2.  Development  Length  of  Prestressing  Strand 

3.  Lateral  Stability 

4.  Truss  Model 

2.3.1   Horizontal  Shear  Strength 

Adequate  horizontal  shear  strength  for  composite  sections  must  be 
ensured  to  prevent  the  separation  of  the  cast-in-place  slab  and  the  I-girder. 
AASHTO  Section  (9.20.4.4)  states  that  a  minimum  of  two  No.  3  bars  on  12 
inch  centers  must  be  provided  across  the  contact  surface.  The  equivalent  to 
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Table  2.2  -  IDOH  and  AASHTO  1979  Interim  Specifications,  Cornell  Study 


SERIES 

h 

K 

J'd 

(in) 

(in) 

(in) 

CW 

18 

2 

0.72  h 

CI 

14 

3 

0.72  h 

IDOH    Vn=fAvfy 


h_ 
3  "T7  s 


1979  Interim  Specifications     Vn  =  2  Av  fy  ^-  +  180  bw  jd 


Web 

v, 

1 

Vu 

Beam 

reinforcement 

IDOH 

1979 

Test 

(kips) 

(kips) 

(kips; 

CW10 

#3  at  10" 

16.6 

22.6 

39.0 

CW11 

#3  at  10" 

16.6 

22.6 

35.2 

CW12 

#3  at  10" 

16.6 

22.6 

31.6 

CW13 

#3  at   7" 

16.6 

22.6 

41.0 

CW14 

#3  at  10" 

23.8 

30.3 

42  2 

CW15 

#3  at  10" 

16.6 

22.6 

33.8 

CW16 

#3  at  10" 

16.6 

22.6 

42.0 

CW17 

#2  at  10" 

6.5 

11.7 

32.0 

CI10 

#3  at  8" 

16.2 

22.9 

24  2 

cm 

#3  at  8" 

16.2 

22.9 

23.4 

CI12 

#3  at  8" 

16.2 

22.9 

22.8 

CI  13 

#3  at  8" 

16.2 

22.9 

28.6 

CI14 

#3  at  5" 

25.9 

33.4 

33.7 

CI15 

#3  at  8" 

16.2 

22.9 

23.9 

CI16 

#3  at  8" 

16.2 

22.9 

28.8 

CI17 

#2  at  8" 

6.3 

12.2 

24.3 
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the  No.  3  bars  at  12  inches  is  two  No.  4  bars  on  21.8  inches.  This  is  done  by 
extending  the  web  reinforcement  in  the  I-girder  into  the  cast-in-place  slab. 
This  criteria  often  controls  the  spacing  of  the  web  reinforcement  in  the 
midspan  regions  where  shear  requirements  are  low.  For  web  widths  of  6 
inches  as  in  the  AASHTO  Type  I  and  Type  II  girders,  this  criteria  gives  a 
value  for  r  fy  of  183  psi  and  122  psi  for  Grade  60  and  Grade  40  steel,  respec- 
tively. The  minimum  area  of  web  reinforcement  as  specified  in  Section 
(9.20.3.3)  specifies  a  value  of  r  fy  equal  to  50  psi. 

2.3.2   Development  Length  of  Prestressing  Strand 

In  pretensioned  members,  generally  the  prestressing  force  is  transferred 
to  the  concrete  by  bond.  The  length  required  to  develop  this  force  is  called 
the  transfer  length.  The  additional  length  required  to  develop  the  stress  in  the 
strand  at  nominal  strength  is  referred  to  as  the  flexural  bond  length.  The 
development  length  of  the  strand  is  the  summation  of  the  transfer  and  flexure 
length. 

AASHTO  Specification  (9.27)  requires  that  the  development  length  from  a 
critical  section  satisfy  the  following  equation, 


Ld  >  (  fps  "  |  fse  )  db  (13) 


where,  Lj  =  development  length  of  prestressing  strand 

fps  =  stress  in  the  prestressing  reinforcement  at  nominal  strength 

fse  =  effective  stress  in  the  prestressing  reinforcement  (after 
allowance  for  all  prestress  losses) 

db  =  nominal  diameter  of  prestressing  strand 
This  equation  is  limited  to  three  and  seven  wire  strand.  Equation  (13)  indi- 
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cates  that  the  development  length  is  a  function  of  the  nominal  diameter  of  the 
strand,  effective  stress  and  the  nominal  stress  of  the  strand  at  ultimate 
strength.  Rearranging  Equation  13  results  in 


Ld  >  -=-  <*b  +  (  fPs  -  fse  )  db  (13a) 


In  Equation  (13a)  the  first  term  is  the  distance  required  to  develop  the 
transfer  force  and  the  second  term  is  the  additional  length  required  to  develop 
the  stress  in  the  strand  at  the  nominal  strength.  The  transfer  length  is  com- 
monly taken  as  50  db  when  evaluating  the  web  shear  capacity,  Vcw,  at  the 

ends  of  prestressed  members.    When  the  critical  section,  —  from  the  face  of 

'    2 

the  support,  is  within  the  transfer  length  a  linear  transition  from  zero  to  full 
effective  prestressed  force  is  assumed  in  the  transfer  length.  To  obtain  50  db, 
the  effective  stress  in  the  strand,  fse,  is  taken  as  150  ksi.  This  assumes,  Grade 
270  stress  relieved  strand,  a  70%  jacking  load,  and  approximately  20%  pres- 
tress  losses. 

Zia  and  Mostafa     have  proposed  as  an  alternative  the  following  equation 
to  determine  the  development  length 


Ld  =  Lt  +  Lb  =  1.5  4-  dB  -  4.6  +  1.25  (  fps  -  fse  )  db  (14) 


where,  fs;  =  initial  stress  in  prestressing  reinforcement,  (after 
allowance  for  initial  prestress  losses) 

fc;  =  compressive  strength  of  concrete  at  time  of  initial  prestress 
The  transfer  length  is  given  as, 
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fsi 

Lt  =  1.5  -^  db  -  4.6  (14a) 


and  the  flexure  length  as, 

Lb  =  1.25  (  fps  -  fse  )  db  (14b) 

Equation  (14)  is  a  function  of,  the  nominal  diameter  of  the  strand,  stress  in 
the  strand  at  transfer,  effective  stress  after  all  losses,  and  the  concrete 
strength  at  transfer.  This  equation  includes  the  more  significant  of  the 
identified  parameters19  affecting  the  development  length: 

a.  Type  of  steel,  wire  or  strand 

b.  Steel  size,  diameter 

c.  Stress  level 

d.  Surface  condition  of  the  steel,  oiled,  clean  or  rusted 

e.  Concrete  strength 

f.  Type  of  loading,  static,  dynamic  or  impact 

g.  Type  of  release,  gradual,  sudden 

h.  Confining  reinforcement  around  steel 

i.  Time-dependent  effects 

j.  Consolidation  and  consistency  of  concrete  around  the  steel 

k.  Amount  of  concrete  coverage  around  steel 

1.  Jacking  stress,  75%  fpu  for  low  relaxation  strand. 

The  AASHTO  specification  indirectly  calculates  the  transfer  length  using 
the  effective  prestress  force  which  is  a  fraction  of  the  initial  prestress  force  at 
transfer.  Assuming  1/2"  inch  strand,  Grade  270,  Low  Relaxation,  8%  initial 
losses,  18%  total  losses  and  a  transfer  concrete  strength  of  4000  psi,  the 
transfer  length  is  27.7  and  30.3  inches  for  the  AASHTO  and  the  Zia  and  Mos- 
tafa  equations,  respectively.  The  flexure  bond  length  is  25%  greater  for  the 
Zia  and  Mostafa  Equation  as  compared  to  the  AASHTO  specifications.  The 
design  concrete  strength  is  not  used  as  a  variable  in  either  equation;  however, 
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a  higher  concrete  strength  at  transfer  will  produce  a  smaller  transfer  length 
as  indicated  by  the  Zia  and  Mostafa  Equation. 

2.3.3   Lateral  Buckling  of  Precast  I-Sections. 

The  use  of  higher  strength  concrete  allows  the  increase  in  bridge  span 
lengths.  Evaluation  of  the  lateral  buckling  of  these  longer  beams  in  the  han- 
dling and  transportation  may  become  critical.  The  compression  face  of  the 
beam  if  laterally  unsupported  could  lead  to  lateral  buckling.  In  this  mode  of 
failure,  the  beam  deflects  laterally,  and  if  not  restrained,  could  result  in  com- 
plete collapse. 

Section  5.2.9  of  the  PCI  Design  Handbook20  suggests  a  design  check 
evaluate  the  lateral  stability  of  precast  sections.  In  this  check,  the  factor  of 
safety  against  lateral  buckling  is 


F.S.  =  h.  (15) 


where,   yt  =  distance  from  the  top  to  the  centroid  of  the  beam 

S  Wo    l4 


384    Ec  Iy 


Equation  (15)  is  the  distance  from  the  centroid  of  the  member  to  the  top  fiber 
divided  by  the  midspan  deflection  of  the  member  due  to  its  self  weight  as  if 
the  section  was  rotated  90°  and  simply  supported  at  the  pick-up  points. 

Five  methods  are  suggested  to  improve  the  resistance  of  a  member  to 
lateral  buckling. 

1.     Design  adequate  moment  of  inertia,  Iy. 
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2.  Specify  very  high-strength  concrete  (increase  the  modulus  of  elasticity). 

3.  Keep  weight,  w0,  low,  if  possible. 

4.  Reduce  fiy  by  moving  lifting  loops  away  from  ends  of  the  members. 

5.  Attach  temporary  lateral  bracing  to  compression  flange  or  provide 
strongbacks,  stiffening  trusses  or  pipe  frames.  Sometimes  two  or  more 
units  can  be  transported  together,  side  by  side,  and  tied  together  to  pro- 
vide the  necessary  lateral  strength. 

2.3.4   Truss  Model 

Current  provisions  available  to  the  engineer  in  the  shear  design  of  pres- 
tressed  members  can  become  very  tedious  and  unclear  in  their  application. 
The  IDOH  provisions  are  the  simplest  to  use  and  tend  to  require  an  unneces- 
sary large  amount  of  web  reinforcement.  The  1979  Interim  Specifications  real- 
ize the  formation  of  flexure  shear  cracks  with  no  provision  for  the  formation 
of  web  shear  cracks.  The  1983  AASHTO  Specification  attempts  to  model  the 
behavior  of  the  two  types  of  shear  cracks.  However,  this  provision  assumes 
that  the  load  required  to  produce  the  formation  of  a  web  shear  crack,  Vcw  or 
a  flexure  shear  crack,  Vc;  represents  the  concrete  contribution  at  ultimate 
strength.  The  Vc;  equation  also  presents  many  problems  when  evaluating 
continuous  structures  with  moving  loads.  A  model  is  currently  needed  that 
actually  predicts  the  behavior  of  the  beam  at  ultimate  strength  and  at  the 
same  time  is  easy  to  understand  and  apply. 

Truss  models  are  such  behavioral  models;  they  represent  an  overall 
behavioral  model  at  ultimate  strength  rather  than  the  current  section  by  sec- 
tion analysis.  Figure  2.13  shows  the  truss  model  for  a  pretensioned  member 
under  bending  and  shear.  The  bottom  chord  of  the  truss  represents  the  ten- 
sion reinforcement  and  is  placed  at  the  centroid  of  this  reinforcement.  The 
top  chord  is  a  compression  chord  and  represents  the  internal  compressive 
force.   The  depth  of  the  truss  is  taken  as  the  internal  bending  moment  arm  at 
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Figure  2.13  -  Truss  Model 
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ultimate  strength,  z  =  d .    The  vertical  member  represents  the  resultant 

of  the  web  reinforcement.  Diagonal  members  are  placed  to  complete  the 
static  equilibrium  of  the  truss,  shown  in  Figure  2.13(a).  The  capacity  of  the 
truss  at  this  point  is  that  of  the  web  reinforcement  or  Vs.  For  members  with 
low  shear  span  to  structural  depth  ratios,  the  concrete  contribution  can  be 
incorporated  into  the  truss  by  placing  an  additional  diagonal  member  con- 
necting the  load  and  support  points  as  shown  in  Figure  2.13(b).  The  vertical 
component  of  this  member  represents  the  concrete  contribution,  Vc. 

The  use  of  higher  strength  concrete  will  strengthen  the  strut  connecting 
the  load  and  support  point  leading  to  a  higher  capacity  of  the  truss.  The  use 
of  the  truss  allows  the  engineer  to  design  for  flexure  and  shear.  It  also  pro- 
vides an  excellent  visualization  of  the  flow  of  internal  forces  for  the  adequate 
detailing  of  reinforcement. 

2.4   Summary 

In  this  chapter,  the  structural  behavior  and  design  of  composite  sections 
consisting  of  prestressed  I-beams  and  a  cast-in-place  slab  has  been  reviewed. 
The  major  emphasis  has  been  on  shear.  The  current  specifications  for  flexure 
are  adequate  and  easy  to  apply.  The  use  of  higher  strength  concrete  in  the 
fabrication  of  I-beams  has  been  shown  to  produce  to  following  benefits  related 

to  flexure  behavior: 

1.  Better  control  of  deflections  due  to  a  higher  modulus  of  elasticity 

2.  Higher  allowable  tensile  and  compressive  concrete  stress  which  will  aid' 
in  the  design  of  the  structure  resisting  service  loads. 

3.  Increase  the  ductility  in  negative  moment  regions  of  the  beam  resisting 
factored  loads 

Three  shear  provisions  are  available  in  the  design  of  web  reinforcement 

for  I-beam  type  structures.    The  IDOH  Specification  is  conservative,  easiest  to 

apply,  and  is  the  one  most  commonly  used.    The  1979  AASHTO  Specifications 
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do  not  recognize  the  formation  of  web  shear  cracks  and  appear  to  over  esti- 
mate the  nominal  shear  strength  capacity  by  as  much  as  50%  compared  to 
the  IDOH  and  1983  AASHTO  Specifications.  The  1983  AASHTO  Specifications 
clearly  account  for  the  formation  of  the  two  types  of  shear  cracks,  web  shear 
cracks  and  inclined  flexure  shear  cracks.  However,  the  equation  used  to 
predict  the  critical  inclined  flexure  shear  crack,  Vci.  presents  difficulty  in  con- 
tinuous structures  when  evaluating  the  effects  of  AASHTO  truck  and  lane 
loadings  and  is  seldom  used.  The  use  of  higher  strength  concrete  is  only 
directly  accounted  for  in  the  1983  AASHTO  Specifications. 

Other  special  topics  introduced  were; 

a.  horizontal  shear  strength, 

b.  development  length  of  prestressing  strand, 

c.  lateral  stability,  and 

d.  truss  model  used  to  evaluate  the  behavior  of  a  beam  loaded  in  shear  and 
bending. 

These  topics  will  be  addressed  more  extensively  in  subsequent  chapters. 
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CHAPTER   3 

EXPERIMENTAL  PROGRAM 


3.1  General 

In  Chapter  2  flexure  and  shear  design  provisions  for  AASHTO  I-girders 
were  reviewed.  Special  topics  such  as  horizontal  shear  strength,  development 
length  of  prestressing  strand,  lateral  stability,  and  truss  model  were  also 
introduced.  In  Chapter  3  the  design,  fabrication,  testing,  and  discussion  of  six 
prestressed  AASHTO  I-beams  will  be  presented. 

3.2  Experimental  Objective 

The  evaluation  of  the  ultimate  behavior  of  higher  strength  concrete  pres- 
tressed I  beams  under  flexure  and  shear  is  the  main  concern  of  this  study. 
Special  attention  is  directed  towards  the  ultimate  shear  strength  because  of 
the  highly  empirical  nature  of  the  current  design  procedures  in  this  area. 

The  study  conducted  at  the  University  of  Cornell17'18  evaluated  the  1983 
AASHTO  shear  provisions  for  concrete  strengths  up  to  12000  psi.  The  study  - 
concluded  that  the  current  provisions  were  adequate  for  the  higher  strength 
concrete.  The  beams  in  the  study  were  fabricated  and  designed  to  produce 
two  modes  of  shear  cracks,  web  shear  and  flexure  shear.  Prestressed  and 
non-prestressed  reinforcement  were  used  as  the  longitudinal  reinforcement. 
However,  the  placement  of  the  longitudinal  reinforcement  was  not  typical  of 
prestressed  members.  The  prestressed  reinforcement  extended  into  the  web  of 
the  members. 
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In  this  study  the  evaluation  of  typical  I  beams  used  in  the  fabrication  of 
continuous  super-structures  for  bridges  is  conducted.  Typical  reinforcement 
schemes  are  used  to  simulate  as  close  as  possible  the  actual  behavior  of  the 
beam  in  place. 

External  moments  on  the  composite  structure  are  resisted  by  an  internal 
couple  made  out  of  a  prestressed  I  beam  and  the  composite  slab.  At  ultimate 
strength  in  the  positive  moment  region,  the  compressive  force  in  the  concrete 
generally  remains  within  the  slab  which  typically  has  a  compressive  strength 
between  3000  and  4000  psi.  Hence,  the  use  of  high  strength  concrete  in  the 
fabrication  of  the  prestressed  I-girder  has  little  effect  on  the  ultimate  flexural 
capacity  providing  the  concrete  strength  requirements  at  transfer  are  not 
changed.  High  strength  concrete  does  produce  benefits  when  evaluating, 
stresses  and  deflections  due  to  service  loads. 

The  ultimate  shear  carrying  capacity  of  the  composite  structure  is  mainly 
carried  by  the  precast  I-beam  and  thus  is  directly  affected  by  the  increase  in 
the  concrete  compressive  strength.  In  this  study,  it  was  decided  to  test  the 
prestressed  I-beams  without  a  cast-in-place  slab,  ie.  non-composite;  since  the 
shear  strength  is  mainly  dependent  on  the  strength  of  the  precast  member 
and  to  eliminate  unwanted  variables  such  as  the  concrete  strength  of  the  slab, 
stresses  produced  by  the  additional  weight  of  the  slab  and  shrinkage  of  the 
slab  concrete,  and  additional  curing  time  required  to  place  a  slab.  Following  a 
discussion  on  the  behavior  of  these  non-composite  beams,  the  anticipated 
behavior  of  a  composite  structure  will  be  examined. 

3.3   Testing  Program 

Six  AASHTO  I-girders  were  fabricated,  4  Type  I's  and  2  Type  DCs.  The 
beams  were  cast  at  a  local  plant.  In  this  experimental  program  nine  indivi- 
dual tests  were  conducted.   Tables  3.1  and  3.2  contain  the  general  information 
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Table  3.1  -  Cast  and  Testing  Dates  for  All  Beams 


Beam 

Cast  Date 

Test  Date 

Curing  (Days 

Type  1-1 

6/11/86 

8/10/86 

60 

Type  1-2 

6/11/86 

8/30/86 

80 

Type  1-3 

10/2/86 

11/1/86 

30 

Type  1-4 

10/2/86 

10/29/86 

27 

Type  II-l 

10/2/86 

11/19/86 

48 

Type  II-2 

10/2/86 

12/21/86 

50 

Type  I-3A 

10/2/86 

4/7/87 

187 

Type  I-4A 

10/2/86 

4/14/87 

194 

Type  II-  1A  10/2/86  4/24/87 


204 


Table  3.2  -  Section  Properties 


Type  I-1&2      Type  I-3&4      Type  II-1&2 


hb  (in) 

28.25 

28 

36 

bw(in) 

6 

6 

6 

Ab(in2) 

279 

276 

369 

QbO"3) 

1153 

1128 

1957 

Ib  (in4) 

23493 

22750 

50979 

d(in) 

15.49 

15.41 

20.17 

c2(in) 

12.76 

12.59 

15.83 

Sx  On3) 

1517 

1476 

2527 

S2(>n3) 

1841 

1807 

3220 

w0  (plf) 

291 

288 

384 
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on  the  beam  section  properties.  Two  tests  were  conducted  on  the  beam  speci- 
mens Type  1-3,  Type  1-4,  and  Type  II- 1;  this  is  indicated  by  the  second  test 
designated  as  Type  I-3A,  Type  I-4A  and  Type  II- 1A. 

Type  1-1  and  2  were  cast  and  tested  first.  The  transfer  and  28  day  con- 
crete compressive  strength  was  4000  psi  and  7000  psi,  respectively.  The 
design  of  the  beams  was  conducted  to  insure  that  the  flexural  strength,  Mn, 
exceeded  the  shear  strength,  Vn.  1983  AASHTO  Specifications  were  used  to 
calculate  the  predicted  capacities.  The  stirrup  spacing  was  controlled  by  th^e- 
horizontal  shear  strength  requirements  of  AASHTO  Specification  (9.20.4.4), 
two  #3  bars  on  12  inch  spacing  or  equivalent. 

Tables  3.3  through  3.11  contain  the  general  information  of  each  beam  and 
test  results.  The  material  properties  are  those  obtained  from  actual  test 
measurements.  In  Appendix  A  the  stress  versus  strain  curves  for  the  steel 
reinforcement  are  given.  The  material  properties  of  the  steel  are  based  on  the 
actual  area  of  the  specimen.  Both  failure  test  results  and  predicted  capacities 
are  shown  in  Table  3.3  through  3.11.  The  equations  used  to  obtain  the 
AASHTO  predictions  are  shown  below: 

Shear  Load  Based  on  FLEXURE  Capacity 

(See  Appendix  C  for  Derivations) 


V"  =  T 


Vc 


7.5 


v»  =  7 


+ 


Pel   +  P, 


e2 


Ab 


wnl2 


+  Pe2e2  -  Peiei 


A      f 

■^ps  *ps 


A      f 

,  ■rl-ps  *ps 


2  (0.85)  fc  bf 


48 


Shear  Load  Based  on  SHEAR  Capacity 

(See  Appendix  C  for  Derivations) 


Vr 


=  0.6 

V  f'c  K  dp 

,  1 
+  w.(j 

-a)  + 

Mcr 
a 

V 

v  cw 

.         .     .     dD 

+  0.3  fpc 

)  K  dp 

Vs  =  Av  fy  —  =  r  fy  bw  dp 
V    =  V  •  +  V 

v  n  "ci    i     "s 

3.3.1   Material  Properties 

The  mild  reinforcement  in  the  beams  included  Grade  40  and  Grade  60 
bars.  The  Grade  40  steel  used  for  web  reinforcement  and  flange  reinforcement 
consisted  of  #3  bars  and  #4  bars  from  separate  heats.  Test  samples  were  cut 
from  each  bar  and  the  material  properties  were  determined  for  each  set  of 
beams.  The  prestressing  strand  was  supplied  by  the  precast  plant.  Test  speci- 
mens were  obtained  to  evaluate  the  material  properties  of  the  strand. 

3.3.1.1    Mild  Reinforcement 

Figures  A.l  and  A.2  in  appendix  A  show  the  engineering  stress  versus 
strain  curve  for  the  Grade  40  #3  and  #4  bars,  respectively.  Figures  A.3,  A.4 
and  A. 5  show  the  engineering  stress  versus  strain  curve  for  the  Grade  60  #5 
bars  used  in  beams  Type  1-1  and  2,  Type  1-3  and  4,  Type  II-l  and  2,  respec- 
tively. Each  test  bar  was  instrumented  with  a  electrical  resistance  strain 
(ERS)  gage  and  a  two  inch  extensometer  to  determine  the  axial  strain.  The 
tests  were  conducted  on  a  120,000  pound  Baldwin  testing  machine.  An 
automated  data  acquisition  system  was  used  to  record  the  test  data. 
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3.3.1.2  Prestressing  Strand 

Figure  A.6  shows  the  engineering  stress  versus  strain  curve  for  the 
strand  used  in  beams  Type  1-1  &  2.  The  stress  versus  strain  curve  for  the 
strand  in  beams  Type  1-3  and  4,  Type  II-l  and  2  is  shown  in  Figure  A.7.  The 
strand  was  instrumented  with  two  ERS  gages  attached  to  a  single  wire  and  a 
24  inch  extensometer  to  measure  the  axial  strain  during  the  test.  Special 
grips  were  fabricated  so  to  prevent  premature  failure  of  the  strand  at  the 
grips.  The  specimens  were  tested  in  a  120,000  pound  Baldwin  testing  machine. 
An  automated  data  acquisition  system  was  used  to  record  the  test  data.  The 
area  of  the  strand  was  determined  by  measuring  the  diameter  of  each  wire 
and  calculating  the  total  area. 

3.3.1.3  Concrete  Properties 

The  concrete  material  properties  were  monitored  from  the  time  of 
transfer  until  the  time  of  testing.  Test  cylinders  were  used  to  measure  the 
compressive  strength,  split  cylinder  strength,  and  the  modulus  of  elasticity. 
Two  2  inch  ERS  gages,  placed  diametrically  opposite  on  the  cylinders,  were 
used  to  determine  the  axial  strain  for  the  cylinders  representing  the  compres- 
sive strength  of  the  test  beam.  The  modulus  of  rupture  was  determined  with 
6x6x18  flexure  beams.  The  flexure  beams  were  tested  at  the  time  of  the 
transfer  of  the  prestress  force  to  the  I-beams  and  at  the  test  date. 

3.3.2   Test  Setup 

The  test  set  up  for  the  initial  six  tests  is  shown  in  Figure  3.1.  A  600  Kip 
Baldwin  testing  machine  was  used  in  all  tests.  The  testing  machine  applied  a 
single  point  load  to  the  top  bearing  plate  of  the  spreader  beam.  The  reactions 
of  the  spreader  beam  produced  a  symmetric  two  point  loading  system  result- 
ing in  regions  of  constant  moment  and  shear  for  the  initial  six  tests.    The 
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spreader  beam  was  a  stiffened  W30xl32  steel  section  shown  in  Figure  3.2. 
Two  load  cells  were  placed  under  each  reaction  point  of  the  spreader  beam  to 
monitor  the  load  from  the  testing  machine.  Two  concrete  footings  with  steel 
bearing  plates  provided  the  supports  for  the  reactions.  The  load  point  and 
reaction  details  are  shown  in  Figure  3.3.  A  roller  was  used  at  each  end  to 
allow  horizontal  movements  of  the  test  beams.  The  length  of  the  shear  span 
was  adjusted  to  produce  the  desired  moment-shear  combination.  The  first  six 
beams  were  tested  symmetrically  about  their  centerline.  The  single  point 
loading  shown  in  Figure  3.4  was  used  for  the  beams  tested  a  second  time. 
Further  details  of  each  test  set-up  are  given  in  following  sections. 

The  load  was  applied  slowly  in  specific  increments.  At  each  increment, 
cracks  were  outlined  and  the  corresponding  shear  load  was  marked  on  the 
surface  of  the  beam,  test  data  was  recorded  using  an  automated  data  acquisi- 
tion system  as  well  as  manual  readings.  As  the  test  progressed,  the  loading 
increment  decreased.  The  duration  of  a  single  test  was  between  1  and  4  hours 
depending  on  the  mode  of  failure. 

3.3.3   Instrumentation 

Several  different  tranducers  were  used  to  record  information  in  each 
test.  Electric  resistance  Strain  (ERS)  gages  were  attached  to  the  prestressing 
strand  (EA-06-062D-350)  and  the  mild  reinforcement  (CEA-06-125UN-350). 
External  gages  (EA-06-20CBY-120)  were  placed  on  the  surface  of  the  concrete 
to  measure  strains  in  the  web  and  the  compression  flange.  Load  cells  were 
used  to  monitor  the  load  during  the  test.  Linear  variable  differential 
transformers,  potentiometers,  and  mechanical  dial  gages  were  used  to  meas- 
ure deflections.  Mechanical  dial  gages  were  also  used  to  measure  possible 
strand  slip  with  respect  to  the  end  of  the  beam  during  each  test. 
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An  ERS  gage  was  placed  on  each  leg  of  the  stirrups  within  the  shear 
regions  of  the  beam.  The  location  of  the  gage  was  selected  to  measure  the 
strain  of  the  stirrup  following  an  expected  shear  crack.  The  two  top  longitu- 
dinal #5  bars  were  instrumented  at  the  midspan  of  the  beams. 

Before  placing  the  strain  gages  on  the  strand,  it  was  pulled  up  to  5000 
lbs.  After  the  strain  gages  were  attached  the  strand  was  stressed  to  full  pull, 
33818  lbs  =  0.75  fpu  Aps.  Strain  readings,  elongation  of  the  strand,  and  the 
gage  pressure  of  the  jacking  apparatus  was  recorded.  The  locations  of  the 
gages  were  chosen  to  measure  the  strain  in  the  strand  throughout  the  span 
length. 

3.3.4   Fabrication  and  Preparation  for  Testing 

The  specimens  were  cast  at  a  local  plant.  In  the  fabrication  sequence, 
the  strands  were  first  instrumented  and  loaded  to  the  specified  full  pull.  The 
rest  of  the  reinforcement  cage  was  then  placed  in  the  forms  and  the  beam  was 
prepared  for  the  cast.  The  concrete  was  placed  after  meeting  IDOH  slump 
and  air  content  requirements.  After  the  compressive  concrete  strength 
requirement  at  transfer  was  satisfied  the  prestress  force  was  applied  to  the 
beam.  The  beam  was  then  removed  and  stored  at  the  plant  until  the  28  day 
compressive  strength  requirement  was  obtained.  The  specimens  were  later 
shipped  to  the  Purdue  Civil  Engineering  Structural  Laboratory  and  prepared 
for  testing. 

3.4   Tests  Results 

The  results  are  discussed  following  the  sequence  of  testing  for  the 
different  specimens.  However,  the  test  results  are  grouped  for  analysis  in 
accordance  to  the  mode  of  failure. 
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3.4.1   Type  1-1  and  Type  1-2 

The  first  two  beams  tested  were  AASHTO  Type  I.  Both  beams  had 
identical  reinforcing  and  instrumentation  schemes.  The  beam  cross  section  is 
shown  in  Figure  3.5.  The  section  properties  based  on  the  as-built  geometry  are 
given  in  Table  3.2. 

3.4.1.1   Test  Results  of  Type  1-1 

The  test  setup,  instrumentation,  and  failure  crack  pattern  of  Type 
1-1  is  shown  in  Figure  3.6.  Also  shown,  is  the  crack  pattern  at  ultimate 
strength.  Table  3.3  gives  the  overall  information  of  Type  1-1.  The  shear  span, 
measured  from  the  centerline  of  the  load  application  to  the  centerline  of  sup- 
port, was  72  inches.  A  24  inch  overhang  was  provided  at  each  end  of  the 
beam.  The  purpose  of  the  overhang  was  to  remove  the  transfer  length  of  the 
strand,  taken  as  50dt,  out  of  the  shear  span.  Also,  sufficient  anchorage  was 
required  to  develop  the  strand  in  flexure. 

Flexure  cracks  were  first  to  appear.  They  were  followed  by  a  web  shear 
crack  on  the  south  shear  span  followed  by  a  second  in  the  north  shear  span. 
Each  crack  produced  yielding  in  the  web  reinforcement  as  indicated  by  strain 
readings.  Figure  3.7  shows  the  load  versus  the  centerline  deflection  for  this 
specimen.  The  two  load  drops  in  the  beginning  of  the  nonlinear  portion  of  the 
curve  represent  the  formation  of  the  two  web  shear  cracks.  Failure  of  the 
beam  was  a  typical  flexure  failure  of  an  under-reinforced  beam,  yielding  of  the 
prestressing  strand  leading  to  a  substantial  increase  in  deflection  followed  by 
crushing  of  the  concrete  in  the  extreme  compression  fiber. 
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Table  3.3  -  TYPE  1-1  Information 


Geometry: 


Beam  Length  (ft) 

22 

Test  Span  (ft) 

18 

Shear  Span, a  (ft) 

6 

a 

2.77 

TYPE   I  -  1 

Concrete: 

Transfer 

Test 

*'C  (Psi) 

5450 

8340 

E?  (ksi) 

4520 

5680 

fr  (Psi) 

800 

820 

fGp  (psi) 


550 


Prestressing  Strand: 

Top         Bottom 


Mild  Reinforcement: 

#5  Bar       #4  Bar 


Grade 

270 

270 

Grade 

60 

40 

Ap,  (in2) 

0.1620 

0.1620 

\'s,  Av  (in2) 

0.31 

0.19 

dp,dp(in) 

2.00 

26.00 

d',  r 

fy  (in,  psi) 

2.00 

137 

Ep,  (ksi) 

28240 

28240 

E6  (ksi) 

29180 

29500 

fpu  (ksi) 

280.0 

280.0 

r,  (ksi) 

72 

52 

fsj  (ksi) 

208.8 

208.8 

fsi  (ksi) 

206.8 

196.4 

fse  (ksi) 

198.8 

180.4 

Pe2  (kips) 

64.4 

233.8 

Test  Results: 

FLEXURE 

SHEAR 

(kips) 

(kips) 

ACI& 

ACI  & 

AASHTO 

Measured 

AASHTO 

Measured 

vcr 

64.9 

75 

vci 

71.1 

. 

vn 

111.9 

123 

V 

cw 

vs 

99.9 

21.4 
92.5 

103 
109 

Mode  of  Failure:   Flexure,  123  kips. 
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3.4.1.2   Test  Results  of  Type  1-2 

The  shear  spans  of  Type  1-2  were  reduced  12  inches  producing  a 
shear  span  of  60  inches.  The  purpose  was  to  reduce  the  moment  to  shear 
ratio  compared  to  Type  1-1  to  obtain  a  shear  type  failure.  Figure  3.8  shows 
the  instrumentation  detail  and  failure  crack  pattern  of  Type  1-2.  Table  3.4 
contains  the  overall  information  of  Type  1-2.  Flexural  cracks  appeared  first 
in  the  constant  moment  region.  Subsequent  web  shear  cracks  formed  in  the 
north  and  south  shear  spans.  Yielding  of  the  web  reinforcement  was  observed 
upon  the  formation  of  each  web  shear  crack.  The  centerline  load  vs  deflection 
curve  is  shown  in  Figure  3.9.  The  overall  load  versus  deflection  curve  is  simi- 
lar to  that  of  Type  1-1;  however,  prior  to  reaching  the  predicted  flexural  capa- 
city, the  web  on  the  south  shear  span  exploded.  The  failure  was  brittle  as  in 
a  test  of  a  high  strength  concrete  cylinder.  Strain  gages,  located  on  the  sur- 
face of  the  concrete  at  the  location  of  the  failure,  showed  strains  exceeding 
0.002.  Also,  strains  exceeding  1  percent  were  recorded  in  the  strand  near  the 
south  support. 

3.4.2   Type  1-3  and  Type  1-4 

Type  1-1  and  Type  1-2  had  overhangs  of  2  and  3  feet,  respectively.  The 
overhangs  provided  sufficient  anchorage  to  the  strand  which,  in  the  case  of 
Type  1-2,  showed  strains  in  excess  of  0.01.  Figure  3.10  shows  a  typical  end 
detail  of  a  super-structure  containing  prestressed  I-girders  and  a  composite 
slab.  The  centerline  of  the  support  is  typically  between  6  and  18  inches  from 
the  end  of  the  beam  depending  on  the  bearing  system  used.  It  was  felt  after 
the  testing  of  the  first  two  beams,  that  this  type  of  detail  might  present  prob- 
lems since  the  transfer  region  of  the  strand  would  be  within  the  shear  span 
and  any  increase  in  the  stress  in  the  strand  near  the  support  could  lead  to  a 
premature  failure  due  to  the  slippage  of  the  strand. 
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Table  3.4  -  TYPE  1-2  Information 


TYPE 

1-2 

Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

22 

f;  (psi) 

5450 

8340 

Test  Span  (ft) 

16 

Ec  (ksi) 

4520 

5680 

Shear  Span, a  (ft) 

5. 

K  (PSi) 

800 

820 

a 

2.31 

f.P  (Psi) 

- 

550 

Prestressing  Strand: 


Mild  Reinforcement: 


Top 


Bottom 


#5  Bar       #4  Bar 


Grade 

270 

270 

Grade 

60 

40 

Aps  (in2) 

0.1620 

0.1620 

A,,  Av  (in2) 

0.31 

0.19 

dp,dp(in) 

2.00 

26.00 

d',  r  fy  (in,  psi) 

2.00 

110 

Eps  (ksi) 

28240 

28240 

Es  (ksi) 

29180 

29.500 

fPu  (ksi) 

280.0 

280.0 

fy  (ksi) 

72 

52 

fsj  (ksi) 

208.8 

208.8 

r„  (ksi) 

206.8 

196.4 

fse(ksi) 

197.5 

180.5 

Pe2  (kips) 

64.0 

233.9 

Test  Results: 

FLEXURE 

SHEAR 

(kips) 

(kips) 

AC  I  & 

ACI  & 

AASHTO 

Measured 

AASHTO 

Measured 

v„ 

78.5 

95 

Vci          84.0 

. 

vn 

134.1 

Vcw        99.8 

Vs           17.1 
Vn         101.1 

116 
118 

148 

Mode  of  Failure:    Shear,  148  kips  -  Web  Crushing. 
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Figure  3.10  -  Typical  End  Support  Detail  of  AASHTO  I-Girder 
and  Cast-in-place  Slab 


Figure  3.11  shows  the  cross  section  of  beams  Type  1-3  and  Type  1-4.  Each 
beam  had  a  test  span  length  of  17  feet  and  the  centerline  of  the  support  was 
placed  6  inches  from  the  end  of  the  beam.  The  instrumentation  and  longitu- 
dinal reinforcement  was  identical  in  these  two  beams  except  for  the  type  of 
the  web  reinforcement.  Type  1-3  had  #3  bars  on  12  inch  centers  while  Type 
1-4  had  #4  bars  placed  on  21  inch  centers.  The  lower  flange  reinforcement 
consisted  of  3/4  inch  straps  and  deformed  reinforcement.  The  spacing  of  this 
reinforcement  was  on  6  inch  centers  from  the  end  of  the  beam. 

3.4.2.1  Test  Results  of  Type  1-3 

Figure  3.12  shows  the  instrumentation  of  Type  1-3  along  with  the 
failure  crack  pattern.  The  overall  information  of  Type  1-3  is  given  in  Table 
3.5.  Flexural  cracks  appeared  first  in  the  constant  moment  region  followed  by 
a  web  shear  crack  opening  in  the  south  shear  span  after  a  small  increase  of 
load.  Instant  strand  slip  was  recorded  on  the  south  end  and  a  substantial 
load  drop  was  observed  as  shown  in  Figure  3.13.  An  attempt  to  increase  the 
load  resulted  in  additional  slip  of  the  strand  until  the  concrete  spalled  at  the 
top  of  the  beam  just  south  of  the  south  load  point. 

3.4.2.2  Test  Results  of  Type  1-4 

Figure  3.14  shows  the  instrumentation  detail  of  Type  1-4  along  with 
the  failure  crack  pattern.  The  overall  information  of  Type  1-4  is  given  in 
Table  3.6.  The  load  versus  deflection  behavior  shown  in  Figure  3.15  was  simi- 
lar to  that  of  Type  1-3.  A  higher  load  was  required  to  produced  the  web  shear 
crack,  but  again  strand  slippage  occurred.  Any  attempt  to  increase  the  loaa* 
was  followed  by  additional  strand  slip  which  led  to  eventual  crushing  of  the 
concrete  around  the  hinge  point. 
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Table  3.5  -  TYPE  1-3  Information 


TYPE    I  -  3 


Geometry: 


Beam  Length  (ft)  17 

Test  Span  (ft)  16 

Shear  Span, a  (ft)  5 

—  2.35 


r;  (psi) 

Ec  (ksi) 

K  (ps0 


Concrete: 

Transfer  Test 

5840  8370 

5620  5930 

920  705 


Prestressing  Strand: 


Mild  Reinforcement: 


Top 


Bottom 


#5  Bar       #3  Bar 


Grade 


dp,dp(in) 

Epjksi) 

fsj  (ksi) 

fsi(ksi) 

f„  (ksi) 

.  Pe2(kips) 


270 


70 


0.1633        0.1633 


2.00 
27920 
282.0 
207.1 
207.6 
200.9 

65.6 


25.50 
27920 
282.0 
207.1 
193.3 
184.6 
241.2 


d,  r  f„ 


Grade 

60 

40 

Av(in2) 

0.31 

0.104 

(in,  psi) 

2.00 

133 

Es  (ksi) 

29020 

29150 

fy(ksi) 

64 

46 

Test  Results: 


FLEXURE 

(kips) 

ACI& 
AASHTO      Measured 


134.6 


95 


SHEAR 

(kips) 

ACI& 

AASHTO 

Measured 

vc, 

83.6 

. 

V 

cw 

100.0 

101 

vs 

20.3 

- 

vn 

103.9 

101 

Mode  of  Failure:    Shear,  101  kips  -  Shear  Tension. 
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Table  3.6  -  TYPE  1-4  Information 


TYPE 

1-4 

Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

17 

f;  (psi) 

5840 

8370 

Test  Span  (ft) 

16 

Ec(ksi) 

5620 

5930 

Shear  Span, a  (ft) 

5. 

r;  (psi) 

920 

705 

a 

2.35 

fsp(Psi) 

- 

- 

Prestressing  Strand: 

Top         Bottom 


Mild  Reinforcement: 


Grade 

dp,  dp  (in 
Eps  (ksi 

fpu  (ksi 
f,j  (ksi 
fsi  (ksi 

fse  (ksi 
Pel-  Pe2  (kips 


270 
0.1633 

2.00 
27920 
282.0 
207.1 
207.6 
199.9 

65.3 


270 
0.1633 
25.50 
27920 
282.0 
207.1 
193.3 
187.8 
245.4 


#5  Bar       #4  Bar 


Grade 

60 

40 

A's,  Av  (in2) 

0.31 

0.19 

d  ,  r  fy  (in,  psi) 

2.00 

110 

E3  (ksi) 

29020 

29500 

fv  (ksi) 

64 

52 

Test  Results: 


FLEXURE 

(kips) 

ACI& 
AASHTO      Measured 


79.4 
134.6 


90 


SHEAR 

(kips) 

ACI  & 

AASHTO 

Measured 

Vci          84.8 

- 

Vcw       100.7 

110 

Vs           16.8 

- 

Vn        101.6 

110 

Mode  of  Failure:    Shear,  110  kips  -  Shear  Tension. 
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3.4.3   Type  II-l  and  Type  II-2 

Both  AASHTO  Type  II  beams  and  Type  1-3  and  1-4  were  cast  at  the 
same  time.  Two  overhang  lengths  were  used  in  these  two  specimens.  Type 
II-l  had  the  centerline  of  the  support  6  inches  from  the  end  of  the  beam,  simi- 
lar to  Type  1-3  &  4.  Type  II-2  had  a  24  inch  overhang  measured  from  the 
centerline  of  the  support  to  the  end  of  the  beam.  Figure  3.16  shows  a  cross 
section  detail  of  the  Type  II  beams. 

3.4.3.1  Test  Results  of  Type  II-l 

A  detail  of  Type  II-l  along  with  the  failure  pattern  is  shown  in  Figure 
3.17.  Table  3.7  contains  the  overall  information  of  Type  II-l.  The  behavior  of 
this  beam  was  identical  to  Type  1-3  &  4.  Flexure  cracks  first  appeared  in  the 
constant  moment  region  with  a  subsequent  web  shear  crack  forming  in  the 
south  shear  span.  Upon  formation  of  the  web  shear  crack,  slippage  of  the 
prestressing  strand  with  respect  to  the  end  of  the  beam  was  observed.  An 
effort  to  increase  the  load  led  to  additional  slippage  of  the  strand.  The 
centerline  load  versus  deflection  curve  for  this  specimen  is  shown  in  Figure 
3.18. 

3.4.3.2  Test  Results  of  Type  II-2 

Figure  3.19  shows  the  instrumentation  along  with  the  failure  crack 
pattern  for  beam  Type  II-2.  Table  3.8  gives  the  overall  information  of  Type 
II-2.  Flexural  cracks  appeared  first  in  the  constant  moment  region.  Three 
web  shear  cracks  occurred  in  this  beam.  The  first  opened  in  the  south  shear 
span  with  the  second  opening  in  the  north.  A  third  crack  formed  approxi- 
mately 6  inches  below  and  parallel  to  the  previously  formed  web  shear  crack 
in  the  south  shear  span  as  shown  in  Figure  3.19.  Type  II-2  had  a  24  inch 
overhang  which  provided  sufficient  anchorage  to  the  strand  as  no  slip  was 
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Table  3.7  -  TYPE  II- 1  Information 


TYPE 

II-  1 

Geometry: 

Concrete 

Transfe 

r      Test 

Beam  Length  (ft) 

21 

f^  (psi)          5980 

9090 

Test  Span  (ft) 

20 

Ec  (ksi)          5580 

6010 

Shear  Span, a  (ft) 

7. 

f*r  (psi)           920 

650 

a 

2.52 

fsp  (Psi) 

570 

Prestressing  Strand: 

Mild  Reinforcement 

Top         Bottom 

#5  Bar 

#4  Bar 

Grade 

270 

270 

Grade 

60 

40 

Aps  (in2) 

0.1633 

0.1633 

t  a;,avk) 

0.29 

0.19 

p.  dP(in) 

2.00 

33.33 

d',  r  fy  (in,  psi) 

2.00 

157 

Eps  (ksi) 

27920 

27920 

Es  (ksi) 

28570 

29500 

fpu  (ksi) 

282.0 

282.0 

fy  (ksi) 

62 

52 

fsj  (ksi) 

207.1 

207.1 

f.i  (ksi) 

207.4 

193.5 

f..  (ksi) 

200.9 

183.5 

De2(kips) 

65.6 

359.5 

Test  Results: 

FLEXURE 

SHEAR 

(kips) 

(kips) 

, 

A.CI& 

ACI& 

AASHTO      Measured 

AASHTO 

Measured 

vcr 

111.0 

130 

Vci        118.3 

- 

vn 

186.9 

Ve,       135.8 
Vs          31.4 
Vn         149.7 

140 
140 

Mode  of  Failure:    Shear,  140  kips  -  Shear  Tension. 
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Table  3.8  -  TYPE  II-2  Information 


TYPE 

II 

-  2 

Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

24 

«•;  (psi) 

5980 

9090 

Test  Span  (ft) 

20 

Ec  (ksi) 

5580 

6010 

Shear  Span, a  (ft) 

7 

Z  (PSO 

920 

650 

a 

2.52 

f.p  (Psi) 

- 

570 

Prestressing  Strand: 

Top         Bottom 


Mild  Reinforcement: 


Grade 


Eps  (ksi) 
fpu  (^i) 
f.j  (ksi) 
fsi  (ksi) 

f.e  (ksi) 
Pe2(kiPs) 


270 


2.00 
27920 
282.0 
207.1 
207.2 
198.4 

64.8 


270 


A^  (in2)       0.1633        0.1633 


33.33 
27920 
282.0 
207.1 
193.6 
179.6 
351.9 


Grade 


AS,A 
r  f , 


yVm,  psij 
Es  (ksi) 
fv  (ksi) 


#5  Bar       #4  Bar 


60 

0.29 

2.00 

28570 

62 


40 
0.19 

157 
29500 

52 


Test  Results: 


FLEXURE 

(kips) 

ACI& 

AASHTO      Measured 


109.1 
186.9 


120 
201 


SHEAR 

(kips) 

ACI& 

AASHTO 

Me 

asured 

vd 

116.4 

- 

cw 

134.5 

141 
152 

vs 

31.4 

- 

vn 

147.8 

- 

Mode  of  Failure:    Flexure,  201  kips. 
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recorded  during  the  test.  The  load  versus  centerline  deflection  curve  is  shown 
in  Figure  3.20.  The  failure  of  the  beam  was  very  explosive.  After  yielding  of 
the  strand,  deflections  increased  up  to  initial  spalling  of  the  top  fiber  which  is 
shown  as  the  initial  load  drop  off  at  about  a  two  inch  deflection  as  shown  in 
the  load  versus  deflection  behavior.  A  large  fraction  of  the  load  remained 
after  the  initial  spalling.  Top  flange  reinforcement  spaced  on  9  inch  centers 
along  with  the  top  longitudinal  reinforcement  provided  some  confinement  to 
the  compression  block.  As  the  load  was  applied  to  the  beam,  spalling  of  the 
concrete  around  the  confined  concrete  continued.  Failure  occurred  as  the 
compression  block  moved  into  the  web  region  leading  to  a  very  sudden  and 
explosive  failure.  The  failure  removed  the  section  of  concrete  shown  by  the 
dashed  area  in  Figure  3.19. 

3.4.4   Type  I-3A,  Type  I-4A  and  Type  II-1A 

The  north  shear  spans  of  the  three  beams  that  failed  in  the  shear  ten- 
sion mode  remained  uncracked  and  basically  remained  elastic  up  to  failure  in 
the  initial  test.  Hence,  it  was  decided  to  conduct  a  second  test  on  these  beams 
using  a  single  point  load.  The  purpose  was  to  find  out  what  length  of 
overhang  would  provide  adequate  anchorage  to  the  strand.  Also,  additional 
information  could  be  obtained  on  the  flexural  and  shear  behavior  of  these 
beams. 

3.4.4.1   Test  Results  of  Type  I-3A 

The  instrumentation  detailing  and  the  failure  crack  pattern  for  beam 
I-3A  are  shown  in  Figure  3.21.  Table  3.9  gives  the  overall  information  for 
Type  I-3A.  An  18  inch  overhang  was  provided  in  the  north  shear  span.  The 
extent  of  cracking  produced  in  the  initial  test  is  indicated  by  a  dot  placed  at 
the  tip  of  the  crack  shown  in  Figure  3.21.     Initially  a  slight  increase  in  the 
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Table  3.9  -  TYPE  I-3A  Information 


TYPE 

I-3A 

Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

17 

f-;  (pso 

5840 

8810 

Test  Span  (ft) 

10 

Ec  (ksi) 

5620 

5730 

Shear  Span, a  (ft) 

5 

K  (Psi) 

920 

- 

a 

2.35 

f.P  (Psi) 

- 

- 

Prestressing  Strand: 

Mild  Reinforcemeni 

Top 

Bottom 

#5  Bar 

#3  Bar 

Grade 

270 

270 

Grade 

60 

40 

Ap,  (in2) 

0.1633 

0.1633 

K  K  (in2) 

0.31 

0.104 

<,  dp  (in) 

2.00 

25500 

d'.r 

fy  (in,  psi) 

2.00 

80 

E„  (ksi) 

27920 

27920 

Es  (ksi) 

29020 

29150 

fpu  (ksi) 

282.0 

282.0 

fy  (ksi) 

64 

46 

fsj  (ksi) 

207.1 

207.1 

fsi  (ksi) 

207.6 

193.3 

fse(ksi) 

200.9 

184.6 

Pe2(kips) 

65.6 

241.2 

Test  Results: 

FLEXURE 

SHEAR 

, 

A.CI& 

ACI& 

AASHTO 

Measured 

AASHTO 

Measured 

vcr 

- 

- 

Vci 

85.0 

- 

v„ 

134.6 

V 

cw 

101.3 
12.2 
97.2 

98 
113 

Mode  of  Failure:    Shear,  113  kips  -  Shear  Tension 
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previous  flexure  cracks  was  observed,  followed  by  a  web  shear  crack  in  the 
north  shear  span.  Approximately  50%  of  the  strands  slipped  at  the  forma- 
tion of  this  shear  crack.  As  the  load  was  increased,  all  strands  eventually 
slipped  until  crushing  of  the  concrete  took  place  just  north  of  the  centerline 
load  plate.  The  load  versus  the  centerline  deflection  plot  is  shown  in  Figure 
3.22. 

3.4.4.2  Test  Results  of  Type  I-4A 

Figure  3.23  shows  the  instrumentation  detailing  along  with  the 
failure  crack  pattern  for  beam  Type  I-4A.  Table  3.10  gives  the  overall  infor- 
mation for  Type  I-4A.  A  24  inch  overhang  was  provided  for  the  north  shear 
span.  In  this  test,  two  web  shear  cracks  opened;  the  first  in  the  south  shear 
span,  and  the  second  in  the  north  shear  span.  No  slippage  was  observed  in 
the  prestressing  strands.  Failure  occurred  by  initial  spalling  of  the  concrete 
on  the  south  edge  of  the  load  plate.  This  led  to  an  explosive  failure  of  the 
south  shear  span.  The  concrete  removed  by  the  failure  is  shown  by  the 
dashed  area  shown  in  Figure  3.23.  The  load  versus  midspan  deflection  curve 
is  shown  in  Figure  3.24. 

3.4.4.3  Test  Results  of  Type  II-1A 

Figure  3.25  shows  the  instrumentation  detail  along  with  the  failure 
crack  pattern  for  beam  Type  II- 1A.  The  overall  general  information  of  Type 
II- 1A  is  given  in  Table  3.11.  A  24  inch  overhang  was  provided  for  the  north 
shear  span.  Two  web  shear  cracks  opened,  one  in  the  south  shear  span  and 
the  second  in  the  north  shear  span.  No  slippage  was  observed  in  the  pres- 
tressing strands.  Failure  occurred  by  initial  spalling  of  the  top  fiber  concrete 
on  the  north  edge  of  the  load  plate.  As  the  load  was  further  applied,  continu- 
ing spalling  occurred  until  the  explosive  failure  of  the  top  flange  in  the  north 
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Table  3.10  -  Type  I-4A  Information 


TYPE 

I-  4A 

Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

17 

f'e  (P»i) 

5840 

8810 

Test  Span  (ft) 

10 

Ec  (ksi) 

5620 

5930 

Shear  Span, a  (ft) 

5 

r;  (psi) 

920 

- 

a 

2.35 

f.P  (Psi) 

- 

- 

Prestressing  Strand: 

Top         Bottom 


Mild  Reinforcement: 


Grade 

Aps  (in2) 

dp,dp(in) 

Ep,  (ksi) 

fpu  (^i) 

fsj  (^i) 

fsi  (ksi) 

fse  (ksi) 

Pel.  Pe2  (kips) 


270 
0.1633 

2.00 
27920 
282.0 
207.1 
207.6 
199.9 

65.3 


270 
0.1633 
26.00 
27920 
282.0 
207.1 
193.3 
187.8 
245.4 


d ,  r  fv 


#5  Bar      #4  Bar 


Grade 

60 

40 

Av(in2) 

0.31 

0.19 

(in,  psi) 

2.00 

165 

Es  (ksi) 

29020 

29500 

fy  (ksi) 

64 

52 

Test  Results: 


FLEXURE 


SHEAR 


ACI& 
AASHTO      Measured 


134.6 


161 


ACI& 

AASHTO 

Me 

asured 

Vci          86.2 

- 

Vcw       101.9 

118 
120 

Vs           25.2 

- 

Vn         111.4 

161 

Mode  of  Failure:    Shear,  161  kips  -  Shear  Compression 


89 


a 

a 

a 

ei 

C 


-o 

d 
O 

-J 

< 


— 


CO 

c- 

3 


8-2 

(sdpi)    QV01-A 


s 


90 


_,  q 


a 

D- 

en 

^i 

6 

o 

0> 

CO 

L* 

d 

_c 

JX 

e9 

fa 

-3 

r>- 

Z 

a 

d 

o 

a 

a 

UJ 

■4-5 

u> 

_l 

-W 

d 

u. 

c 

UJ 
Q 

s 

-fed 

m 

z 

en 

d 

2 

C 

</> 

~ 

o 

*• 

«■» 

o 

d 

2 
1 

Q 
< 

l-H 
I 

ro 

< 

o> 

d 

a. 

<\l 

d 

CO 
t. 

3 

8  8 

(s^m)  aven-* 


91 


Table  3.11  -  Type  II- 1A  Information 


TYPE   II  -  1A 


Geometry: 

Concrete: 

Transfer 

Test 

Beam  Length  (ft) 

21 

f,  (Psi) 

5980 

8950 

Test  Span  (ft) 

12 

Ec  (ksi) 

5580 

5900 

Shear  Span, a  (ft) 

& 

K  (Psi) 

920 

a 

2.16 

fsp  (Psi) 

- 

- 

Prestressing  Strand: 

Top         Bottom 


Mild  Reinforcement: 


Grade 

Ap,  (in2) 

dp,  dp  (in) 

Ep.  (^i) 

fpu  (^i) 

fsJ  (^i) 

fsi  (ksi) 

f,«  (ksi) 

,  Pe2(kips) 


270 
0.1633 

2.00 
27920 
282.0 
207.1 
207.4 
200.9 

65.6 


270 
0.1633 
26.00 
27920 
282.0 
207.1 
193.5 
183.5 
359.5 


#5  Bar       #4  Bar 


Grade 

60 

40 

A^,  Av  (in2) 

0.29 

0.19 

r  fv  (in,  psi) 

2.00 

137 

Es  (ksi) 

28570 

29500 

Uksi) 

62 

52 

Test  Results: 


FLEXURE 


SHEAR 


AC  I  & 
AASHTO       Measured 


vcr       - 

V„        186.9 


ACI  & 

AASHTO 

Mi 

;asured 

/d        129.5 

. 

f„       135.3 

150 
158 

27.4 

- 

/n         156.9 

222 

Mode  of  Failure:    Shear,  222  kips  -  Shear  Compression 
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shear  span.  The  concrete  removed  by  the  failure  is  shown  by  the  dashed  area 
shown  in  Figure  3.25.  The  load  versus  midspan  deflection  plot  is  shown  in 
Figure  3.26. 

3.5   Analysis  of  Test  Results 

Discussion  of  the  test  results  is  conducted  in  accordance  to  the  mode  of 
failure.  Flexural  behavior  is  discussed  first  including  both  elastic  and  ultimate 
behavior.  Finally,  the  shear  failures  are  analyzed  along  with  special  topics 
relevant  to  the  behavior  of  the  test  beams. 

3.5.1   Flexure 

The  elastic  behavior  of  prestressed  I-sections  is  relevant  to  evaluate 
service  load  performance.  Prior  to  cracking,  the  section  behaves  elastically 
and  the  response  to  external  loadings  is  linear.  After  cracking,  the  load 
versus  deflection  curve  becomes  nonlinear  as  the  stresses  in  the  concrete  and 
reinforcement  exceed  their  elastic  limits.  For  under-reinforced  members, 
flexural  failure  occurs  after  initial  yielding  of  the  prestressing  strand  which 
preceeds  crushing  of  the  concrete  at  the  extreme  compression  fiber. 

3.5.1.1   Elastic  Behavior 

Deflections  were  measured  at  the  midspan  of  each  specimen  and 
either  under  the  point  load  or  12  inches  from  the  point  load  towards  the  sup- 
port. The  load  deflection  behavior  is  a  function  of  the  span  length,  type  of 
loading,  cross  section  and  material  properties.  Volume  I  of  this  study  esta- 
blished that  the  current  equation  used  to  predict  the  modulus  of  elasticity  of 
concrete  is  adequate  for  compressive  strengths  up  to  9000  psi.  Table  3.12  con- 
tains the  ratio  of  the  deflection  to  the  point  load  as  measured  during  the  test 
and  estimated  by  elastic  theory  prior  to  cracking  of  the  section.  The  modulus 
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Table  3.12  -  Elastic  Deflections 


V 

_2_ 


v 


35T 


A0 


=*, 


36" 


~ZG 


Centerline  Deflection  (see  Appendix  D) 
_A  _  2  a3  +  6(36)  a2  +  3(36)2  a 


Beam 

a 

Ec 

Ib 

(in) 

(ksi) 

(in4) 

Type  1-1 

72 

5200 

23493 

Type  1-2 

60 

5200 

23493 

Type  1-3 

60 

5220 

22750 

Type  1-4 

60 

5220 

22750 

Type  II-2 

84 

5430 

50979 

Type  II-2 

84 

5430 

50797 

6EcIb 

predict 
(ilL 

A_ 

V 

ed 

x  10 

test 
-6) 

predictpd 
test 

2.93 

2.91 

1.01 

1.97 

2.06 

0.95 

2.03 

1.99 

1.02 

2.03 

1.98 

1.02 

1.83 

1.84 

0.99 

1.83 

1.78 

1.03 

Quarter  Point  Deflection  (see  Appendix  D) 


A        x 

(3a2  + 

6(36) 

a  —  x2) 

V 

6EeIb 

A 

V 

Beam 

a 

X 

Ec 

lb 

predicted 

test 

predicted 
test 

(in) 

(in) 

(ksi) 

(in4) 

<]^'° 

-6) 

Type  1-1 

72 

72 

5200 

23493 

2.55 

2.53 

1.01 

Type  1-2 

60 

48 

5200 

23493 

1.41 

1.47 

0.96 

Type  1-3 

60 

48 

5220 

22750 

1.44 

1.45 

1.01 

Type  1-4 

60 

48 

5220 

22750 

1.44 

- 

- 

Type  II-2 

84 

72 

5430 

50979 

1.48 

1.49 

0.99 

Type  II- 2 

84 

72 

5430 

50797 

1.48 

1.44 

1.03 

95 


of  elasticity  was  calculated  using  the  AASHTO/ACI  prediction  equation 

Ec  =  57000  \/f7  (psi) 

This  equation  assumes  the  unit  weight  of  the  concrete,  wc,  equal  to  145  pcf. 
The  moment  of  inertia,  1^,  is  based  on  the  gross  section  properties.  The  ratio 
of  the  predicted  to  the  measured  values  ranges  from  0.95  to  1.03.  Thus,  the 
current  method  used  to  obtain  the  modulus  of  elasticity,  and  the  use  of  the 
gross  moment  of  inertia  values  are  shown  to  be  adequate  for  computation  of 
deflections  of  these  beams. 

A  comparison  between  the  load  required  to  produce  a  flexure  crack  and 
the  predicted  load  is  shown  in  Table  3.13.  The  observed  to  predicted  ratios 
range  from  1.10  to  1.21.  The  observed  cracking  load  was  difficult  to  measure. 
Each  beam  was  white  washed  prior  to  the  test  to  aid  in  the  detection  of  any 
cracks.  The  load  increment  prior  to  the  formation  of  the  first  flexure  crack 
was  5  kips.  Hence,  the  formation  of  the  flexure  crack  could  have  occurred  at 
a  load  5  kips  lower  than  observed.  Another  method  used  to  determine  the 
formation  of  flexure  crack  is  based  on  the  load  versus  deflection  behavior. 
The  load  versus  deflection  behavior  is  elastic  prior  to  the  formation  of  a 
crack.  The  formation  of  a  flexure  crack  results  in  a  loss  of  stiffness.  An 
increase  in  deflection  can  be  seen  in  the  load-deflection  plot  after  the  forma- 
tion of  the  flexure  crack.  The  load  which  corresponds  to  the  loss  of  stiffness 
as  determined  from  the  load  deflection  graph  indicates  that  a  flexure  crack 
occurred  prior  to  observing  the  crack  on  the  surface  of  the  beam.  However,  in 
no  case  was  this  load  less  than  that  predicted  using  current  established  pro- 
cedures, ie.  AASHTO  Specification  (9.15).    The  tensile  capacity  of  the  concrete 
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Table  3.13  -  Flexural  Cracking  Capacity 


Beam 

a 

f-; 

Pel 

el 

Pe2 

e2 

(in) 

(psi) 

(ksi) 

(in) 

(ksi) 

(in) 

Type  1-1 

72 

8340 

64.4 

13.49 

233.8 

10.51 

Type  1-2 

60 

8340 

64.0 

13.49 

233.9 

10.51 

Type  1-3 

60 

8370 

65.6 

13.41 

241.2 

10.09 

Type  1-4 

60 

8370 

65.3 

13.41 

245.4 

10.09 

Type  II-l 

84 

9090 

65.6 

18.17 

359.5 

13.16 

Type  II-2 

84 

9090 

64.8 

18.17 

351.9 

13.16 

v~-t 


AASHTO  Prediction  (see  Appendix  C) 

wn  I2 

-t-  +  Pe2  e2  -  Pel  el 


A  H        Pel  +  p 
S„  |7.5Vf'  +  -^ 


Beam 

Observed 

P 

redicted 

Observed 
Predicted 

(kips) 

(kips) 

Type  1-1 

75 

64.9 

1.16 

Type  1-2 
Type  1-3 

95 
95 

78,5 
78.2 

1.21 
1.21 

Type  1-4 

90 

79.4 

1.13 

Type  II-l 

130 

111.0 

1.17 

Type  II-2 

120 

109.1 

1.10 
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taken  equal  to  7.5  "v  fc  was  shown  to  give  conservative  estimates  of  the 
cracking  load  of  these  specimens. 

3.5.1.2   Ultimate  Strength  Behavior 

AASHTO  I-girders  are  used  in  composite  construction.  Hence,  the 
flexural  strength  of  the  I-girder  without  the  cast-in-place  is  never  evaluated  in 
design.  In  this  study  each  beam  was  designed  to  fail  in  shear,  therefore  the 
designed  nominal  moment  capacity  was  greater  than  the  shear  strength  as 
predicted  by  current  AASHTO  equations.  However,  since  two  of  the  beams 
tested  failed  in  flexure,  a  discussion  of  the  tests  is  given. 

Type  1-1  and  Type  II-2  failed  in  flexure.  Current  specifications  restricts 
the  amount  of  flexural  reinforcement  to  insure  yielding  of  the  prestressing 
strand  prior  to  the  crushing  of  the  concrete  at  the  extreme  flexural  compres- 
sion fiber.  This  is  achieved  through  the  limitation  of  the  reinforcement  index, 
wp. 

wp  <  0.36  /?! 
A         f 

.   ,  -"-ps       *ps 

w,,b-  "' =  bd7 z 

/?i  =   0.85  for  concrete  strengths  fc  up  to  and  including  4000  psi. 

For  strengths  above  4000  psi,  px  shall  be  reduced  continuously 
at  a  rate  of  0.05  for  each  1000  psi  of  strength  in  excess  of  4000 
psi,  but  /?i  shall  not  be  taken  less  than  0.65 

Table  3.14  shows  information  relating  the  reinforcement  index  for  all  beams. 
The  stress  in  the  strand  at  ultimate  strength,  fps,  was  calculated  using  strain 
compatibility  analysis.  Table  3.15  compares  the  predicted  stress  in  the  strand 
at  ultimate  strength  from  AASHTO  procedures,  Column  (1),  to  those  obtained 
from  the  strain  compatibility  type  analysis,  Column  (2).    The  two  procedure's' 
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Table  3.14  -  Reinforcement  Index  and  Deflection  Ductility 


Beam 

£ 

f* 

V 

b 

dP 

wp 

A, 

(psi) 

(ksi) 

(in2) 

(in) 

(in) 

Type  1-1 

8340 

258.6 

1.296 

12 

26.00 

0.129 

2.09 

Type  1-2 

8340 

258.6 

1.296 

12 

26.00 

0.129 

2.49 

Type  1-3 

8370 

263.1 

1.306 

12 

25.50 

0.134 

Type  1-2 

8370 

263.2 

1.306 

12 

25.50 

0.134 

Type  II-l 

9090 

262.2 

1.960 

12 

33.33 

0.141 

Type  II-2 

9090 

262.2 

w_  «=  - 

p 

1.960 

Aps      fps 

bdP  r; 

12 

33.33 

0.141 

1.84 

max  — 

=  0.360!  = 

0.36(0.65)  =  0 

.234 

Table  3.15  -  Stress  in  the  Strand  at  Ultimate  Strength 

(1)  (2) 


Beam 

h 

(ksi) 

(psi) 

(ksi) 

(ksi) 

111 

(2) 

Type  1-1 

0.0042 

280 

8340 

260.5 

258.6 

1.01 

Type  1-2 

0.0042 

280 

8340 

260.5 

258.6 

1.01 

Type  1-3 

0.0043 

282 

8370 

261.7 

263.1 

0.99 

Type  1-4 

0.0043 

282 

8370 

261.7 

263.2 

0.99 

Type  II-l 

0.0049 

282 

9090 

260.6 

262.2 

0.99 

Type  II-2 

0.0049 

282 

9090 

260.6 

262.2 

0.99 

Column  (1)  -  fp,  =  fpu  (1  -  0.5  Pp  -^ 


Column  (2)  --  Strain  Compatibilty  Analysis 
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are  within  1%.  All  beams  were  designed  below  the  maximum  reinforcement 
index  as  shown  in  Table  3.14.  A  common  value  used  to  measure  the  ductility 
of  a  flexural  member  is  calculated  by  taking  the  deflection  at  ultimate 
strength  and  dividing  it  by  the  deflection  of  the  member  when  the  strand  first 
yields,  or  the  strain  in  the  strand  reaches  1%.  This  value  is  called  the 
deflection  ductility  index21,  fi,  and  is  given  in  Table  3.14  for  beams  Type  1-1, 
1-2,  and  II-2.  Type  1-2  failed  in  shear,  however  the  failure  was  also  quite  duc- 
tile. 

Table  3.16  contains  the  predicted  flexural  capacity  and  test  values  for  the 
beams  Type  1-1,  Type  1-2,  and  Type  II-2.  The  stress  in  the  prestressing 
strand  at  ultimate  strength  was  calculated  using  a  strain  compatibility 
analysis.  The  flexural  capacity  predicted  by  AASHTO,  Column  (1),  is  much 
less  than  the  actual  failure  load  of  these  three  beams.  However,  the  measured 
stress  in  the  prestressing  strand  at  ultimate  strength  compares  very  well  to 
the  stress  predicted  by  the  strain  compatibility  analysis.  The  predicted  load 
was  calculated  by  taking  nominal  moment  capacity  and  dividing  it  by  the 
shear  span  measured  from  the  centerline  of  the  load  application  to  the  center- 
line  of  the  support.  The  shear  span  is  often  taken  as  the  distance  from  the 
centerline  of  the  load  point  to  the  face  of  the  support.  The  support  plate  had 
a  width  of  8  inches.  Column  (2)  presents  the  results  using  the  reduced  shear 
span  showing  a  much  better  agreement. 

The  current  methods  used  to  estimate  the  ultimate  flexural  capacity  and' 
predict  the  stress  in  the  strand  at  ultimate  strength  are  adequate  for  pres- 
tressed  I-beams  with  concrete  compressive  strengths  up  to  9000  psi.  Current 
AASHTO  Specifications  limit  the  amount  of  reinforcement  by  limiting  the 
reinforcement  index,  w  <0.3.  This  limit  has  been  shown  to  allow  excessive 
amounts  of  reinforcement  for  concrete  strengths  in  excess  of  5000  psi14.  How- 
ever for  this   type  of  construction,  the  concrete  strength  of  the  slab  will 
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Table  3.16  -  Moment  Capacities  and  Predictions 


Beam 


(in2)        (ksi)       (psi)        (in) 


Type  I- 1  1.296  258.6  8340  26.00  12 
Type  1-2  1.296  258.6  8340  26.00  12 
Type  II-2      1.960      262.2      9090      33.33        12 


Nominal  Moment  Capacity,  Paashtq 
1 


A,*  r„  (dp  - 


2  (0.85)  fc  b 


Beam 


test 

(kips) 


Type  I- 1  123 

Type  1-2  148 

Type  II-2        201 


(2) 


a 

rAASHTO 

Paashto 

a 

^AASHTO 

Paashto 

(in) 

(kips) 

(in) 

(kips) 

72 

111.9 

1.10 

68 

118.5 

1.04 

60 

134.1 

1.10 

56 

143.7 

1.03 

84 

186.9 

1.08 

80 

196.3 

1.02 
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control  the  amount  of  reinforcement  and  not  the  concrete  strength  of  the  I- 
beam.  Hence,  the  current  limit  is  adequate  as  long  as  the  concrete  strength  of 
the  cast-in-place  slab  remains  around  4000  psi. 

3.5.2   Shear 

Since  the  shear  capacity  of  the  composite  structure  (precast  I  beam 
and  concrete  slab  deck)  is  mainly  dependent  on  the  prestressed  I-beam,  it  was 
decided  to  test  the  beams  non-composite.  The  following  discussion  includes 
the  beams  which  failed  in  the  shear  mode  (web  crushing  and  shear  tension). 
The  truss  model,  introduced  in  Section  2.3.4,  is  used  in  the  analysis  of  these 
beams. 

3.5.2.1    Web  Crushing 

Type  1-2  was  identical  to  Type  1-1  except  that  the  supports  were 
moved  12  inches  towards  the  midspan  to  reduce  the  moment  to  shear  ratio. 
In  general  the  behavior  of  Type  1-2  was  similar  to  Type  1-1  except  for  the 
failure  mode.  The  stress  in  the  strands  exceeded  the  yield  value  at  failure. 
Failure  for  this  beam  occurred  when  the  web  suddenly  exploded.  Figure  3.27 
shows  the  crack  pattern  of  the  south  shear  span  at  failure  along  with  the 
selected  truss  model  to  represent  the  distribution  of  internal  forces  at  failure. 
The  vertical  tension  member  of  the  truss  represents  the  resultant  of  two  stirr- 
ups at  yield,  39.5  kips.  The  failure  load,  148  kips,  less  the  contribution  of  the 
web  reinforcement  must  be  carried  by  the  vertical  component  of  the  diagonal 
compression  member  connecting  the  load  point  and  support  reaction.  As  the 
load  is  increased,  the  horizontal  component  of  the  internal  force  in  this 
member  also  increases.  This  horizontal  force  must  be  equilibrated  by  the  longi- 
tudinal reinforcement  to  maintain  equilibrium  at  the  support.  This  beam  had 
a  three  foot  overhang  which  provided  sufficient  anchorage  to  the  strand. 
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TYPE  1-2 


Strain  909** 


148 1 


I'd 

=  5450 

psi 

fsi 

=  196.4 

ksi 

fse 

=  180.5 

ksi 

Lt 

location 

P^ 

fP. 

AASHTO 

Zia 

(in) 

(kips) 

(ksi) 

(in) 

(in) 

60 

315.2 

243.2 

30.0 

22.4 

96 

331.2 

255.6 

30.0 

22.4 

AASHTO 

Zia 

(in) 

(in) 

61.5 

61.7 

67.7 

69.4 

Figure  3.27  -  Type  1-2  South  Shear  Span  with  Truss  Model 
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Failure  of  the  specimen  occurred  as  the  stress  in  the  web  exceeded  the 
compressive  strength  of  the  concrete  resulting  in  failure  of  the  diagonal 
compression  strut.  Forces  calculated  from  strain  gages  readings  at  two  loca- 
tions are  shown  in  Figure  3.27.  In  addition,  using  the  loads  measured  from 
strain  gages  the  required  transfer  and  development  lengths  using  the 
AASHTO  and  Zia  predictions  are  computed.  For  60  inches  from  the  end  of 
the  beam,  the  AASHTO  method  predicts  a  required  transfer  length  and 
development  length  of  30.0  inches  and  61.5  inches,  respectively.  However,  the 
Zia  equation  requires  22.5  inches  and  61.7  inches  for  the  transfer  and  develop- 
ment length,  respectively.  The  two  methods  predict  similar  development 
lengths;  however,  there  is  approximately  an  8  inch  difference  in  the  transfer 
lengths.  The  forces  calculated  in  the  lower  tension  reinforcement  using  the 
truss  model  compares  relatively  well  to  the  forces  indicated  by  the  strain  gage 
readings.  *"" 

Figures  3.28  and  3.29  show  the  crack  patterns  on  the  south  shear  span  at 
failure  along  with  the  truss  model  for  the  beams,  Type  1-1  and  Type  II-2, 
which  failed  in  flexure,  respectively.  The  failure  crack  pattern  was  used  to 
determine  the  truss  model  for  these  beams.  The  formation  of  the  diagonal 
strut  between  the  support  and  load  point  is  most  evident  in  Type  II-2  shown 
in  Figure  3.29.  Again,  a  large  tensile  force  is  produced  in  the  strand  near  the 
support  due  to  equilibrium  of  the  compression  diagonal  struts.  Each  beam 
had  a  two  foot  overhang  which  provided  sufficient  anchorage  to  the  strand. 
The  required  development  lengths  from  the  AASHTO  and  Zia  predictions  are 
shown  for  each  beam.  Strain  gages  located  30  inches  from  the  end  of  the  two 
beams  indicate  an  increase  of  stress  in  the  strand  as  compared  to  the  effective 
prestress  force.  For  the  two  beams,  the  AASHTO  prediction  of  the  develop- 
ment length  is  greater  than  the  length  available;  however,  the  Zia  prediction 
is  less  than  the  available  length.     Since  no  slip  occurred  in  the  two  beams,  the 
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TYPE  I- I 
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(in) 
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(in) 
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(in) 
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30 
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22.4 

33.4 

26.6 

60 

296.6 

228.9 

30.0 

22.4 

54.3 

52.7 

96 

334.2 

257.9 

30.0 

22.4 

68.8 

70.9 

Figure  3.28  -  Type  1-1  South  Shear  Span  with  Truss  Model 
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TYPE  1-2 
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30 
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66 
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29.9 

24.3 

63.6 

66.3 

108 

506.9 

258.7 

29.9 

24.3 

69.5 

73.7 

Figure  3.29  -  Type  II-2  South  Shear  Span  with  Truss  Model 


106 


Zia  prediction  appears  to  be  a  better  prediction  of  the  development  length. 

The  predicted  capacities  using  the  IDOH  specifications  and  the  1979 
AASHTO  Interim  Specifications  given  in  Table  3.17  are  significantly  less  than 
the  failure  load  and  the  prediction  of  the  1983  AASHTO  Specifications  which 
is  equal  to  the  web  shear  cracking  capacity  plus  the  web  reinforcement  contri- 
bution. The  beams  tested  in  this  study  simulated  the  behavior  of  a  bridge 
beam  near  a  non-continuous  support.  The  1979  AASHTO  Interim 
Specifications  which  do  not  recognize  the  formation  of  web  shear  cracks, 
would  under-estimate  the  shear  capacity.  The  IDOH  provision  evaluates  the 
shear  capacity  of  a  beam  independent  of  the  location;  however,  the  1983 
Specifications  indicate  an  increase  in  the  concrete  contribution  as  the  analysis 
approaches  the  support.  This  phenomenon  is  not  reflected  in  the  IDOH  or 
1979  Interim  Specifications,  hence  these  provisions  also  under-estimate  the 
failure  load.  The  1983  AASHTO  Specifications  attempt  to  predict  the  forma- 
tion of  the  two  types  of  shear  crack,  web  and  inclined  flexure.  For  these 
beams  tested  using  short  shear  spans  with  respect  to  the  structural  depth,  the 
Vcw  prediction  controls.  This  prediction  which  is  easy  to  apply  and  is  an 
empirical  approximation  to  the  elastic  solution  is  shown  to  provide  the  best 
estimate  of  the  strength. 

3.5.2.2    Shear  Tension 

The  centerline  of  the  support  for  the  beams  which  failed  in  shear  ten- 
sion was  6  inches  from  the  end  of  the  beam.  The  web  shear  crack  crossed  the 
lower  reinforcement  and  hence,  the  transfer  length  of  the  prestressing  strand. 
The  transfer  length  is  the  distance  required  to  develop  the  prestress  force  at 
transfer.  Any  increase  in  strand  stress  must  be  transferred  by  the  concrete  in 
an  additional  length  called  the  flexural  bond  length.  The  development  length 
of  the  strand  is  the  combination  of  the  transfer  and  flexure  bond  lengths. 
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Table  3.17  -  Shear  Specifications  versus  Test  Results,  Type  1-1,  1-2  &,  II- 2 


IPSiJ  (in, 

1-1  137  6 

1-2  110  6 

II-2         157  6 
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h 

J 

(in) 

(in) 

26.00 

28.25 

0.9 
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36.00 
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4    .     -    h         4 


IDOH  -    =  f  A,  fy  -  =  fr  fy  bw  h 


AASHTO  1979  -    =  2     v  y  J     +  180  bjd  =  2  r  fy  bw  jd  +  180  bw  jd 


AASHTO 

Test  Results 

Beam 

IDOH 

1979 

1983 

Load 

Mode 

(kips) 

(kips) 

(kips) 

(kips) 

1-1 

31.0 

63.7 

121.3 

123 

Flexure 

1-2 

24.9 

56.2 

116.9 

148 

w< 

?b  crushin. 

II-2 

45.2 

88.9 

165.9 

201 

Flexure 

108 


The  formation  of  the  web  shear  crack  and  propagation  into  the  transfer 
length  destroyed  the  bond  required  to  develop  the  prestress  force  leading  to 
slip  of  the  strand.  The  width  of  the  support  plate  was  8  inches.  The  crack 
crossed  the  strand  just  before  the  face  of  the  plate.  Thus,  the  available 
transfer  length  was  10  inches  for  beams  Type  1-3,  1-4  and  II- 1. 

A  second  test  was  performed  on  these  three  beams  to  determine  the 
length  of  overhang  that  would  provide  sufficient  anchorage  to  the  prestressing 
strand.  An  18  inch  overhang  was  used  on  Type  I-3A.  The  formation  of  the 
first  web  shear  crack  produced  slip  in  approximately  50%  of  the  strands;  how- 
ever, the  load  which  produced  the  web  shear  crack  was  maintained.  An 
increase  of  the  load  eventually  produced  loss  of  bond  in  all  of  the  strands 
leading  to  a  shear  tension  failure.  A  24  inch  overhang  was  used  in  the  second 
test  of  Type  I-4A  and  II-1A.  This  length  of  overhang  provided  sufficient 
anchorage  to  the  strands  in  these  two  beams. 

Table  3.18  compares  the  actual  transfer  length  available  measured  from 
the  end  of  the  beam  to  the  face  of  the  support  and  the  required  transfer 
length  calculated  by  AASHTO  specifications  and  the  proposed  equation  of  Zia 
and  Mostafa  for  these  six  tests  evaluating  the  shear  tension  mode  of  failure. 
Based  on  the  results  of  these  tests,  the  presence  of  the  transfer  length  extend- 
ing into  the  shear  span  could  be  defined  as  the  criteria  leading  to  a  failure 
resulting  from  the  formation  of  a  web  shear  crack  across  the  prestressing 
strand  producing  loss  of  bond.  As  can  be  seen  in  Table  3.18  based  on  the  pre- 
vious criteria,  the  AASHTO  recommendations  would  indicate  a  shear  tension 
failure  for  all  six  tests.  For  these  tests  however;  the  proposed  equation  by  Zia 
and  Mostafa  would  seem  to  give  a  better  estimate  of  a  shear  tension  failure. 
As  in  the  case  of  beam  Type  I-3A  where  the  predicted  transfer  length,  20.2 
inches,  was  less  than  the  available  transfer  length  of  22  inches,  the  presence  of 
a  web  shear  crack  did  not  result  in  immediate  failure.    The  formation  of  the 
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Table  3.18  -  Transfer  Length  for  Beams  Evaluating  Shear  Tension  Failure 


Beam  f^           fsi           fsc 

(ksi)  (ksi)  (ksi) 

O-    Type  1-3  5.84  193.3  184.6 

o-    Type  1-4  5.84  193.3  187.8 

o-   Type  II- 1  5.98  193.5  183.5 

tr  Type  I-3A  5.84  193.3  184.6 

Type  I-4A  5.84  193.3  187.8 

Type  II- 1A  5.98  193.5  183.5 


O-    Shear  Tension  Failure 


AASHTO  -    Lt  =  —  dv 


Zia  -    Lt  =  1.5  — -  dh  —  4.6 
f'. 


dh  =  0.5  inches 


Transfer 

Lt 
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VSHTO 
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(in) 

(in) 

(in) 

30.8 

20.2 

10 

31.3 

20.2 

10 

30.6 

19.7 

10 

30.8 

20.2 

22 

31.3 

20.2 

28 

30.6 

19.7 

28 

no 


web  shear  crack  did  not  produce  slip  in  all  of  the  strands  and  the  beam  was 
capable  of  maintaining  the  load  which  produced  the  crack.  An  additional' 
load  was  required  to  produce  the  full  loss  of  bond.  Hence,  the  test  data  from 
this  study  indicate  that  the  proposed  Zia  and  Mostafa  equation  seems  to 
better  predict  the  transfer  length  required  to  prevent  shear  tension  failures  in 
case  that  a  web  shear  crack  reached  the  strand.  The  current  AASHTO 
recommendations  are  shown  to  be  more  conservative  in  this  respect. 

Table  3.19  contains  the  current  shear  predictions  and  the  failure  load  for 
the  six  tests  performed  on  Type  1-3,  1-4  and  II- 1.  The  1983  AASHTO 
Specifications  over-estimate  the  failure  load  for  all  of  the  beams  failing  by  the 
mode  of  shear  tension.  In  this  mode  of  failure  it  is  the  anchorage  of  the 
strand  which  is  the  problem  and  not  the  amount  of  web  reinforcement.  Also, 
the  different  type  of  detailing  schemes  used  in  the  lower  flange  near  the  sup- 
port provided  no  apparent  benefits  to  the  behavior  in  the  shear  tension 
failures. 

3.6   Summary 

This  chapter  presented  a  experimental  study  consisting  of  nine  tests  on 
six  AASHTO  I-beams.  Four  Type  II  and  two  Type  I  AASHTO  I-girders  were 
tested  using  a  symmetric  loading  system.  The  beams  were  designed  to  fail  in 
shear  as  predicted  using  AASHTO  Specifications.  The  beams  were  tested 
non-composite  since  the  majority  of  the  shear  for  a  composite  section  is  car- 
ried by  the  I-beam. 

Elastic  deformations  calculated  using  the  modulus  of  elasticity  as 
predicted  by  the  current  AASHTO  equation  and  the  the  gross  moment  of  iner- 
tia gave  good  agreement  with  the  actual  load-deflection  response. 

The  fiexural  strength  of  two  beams,  Type  1-1  and  II-2,  was  exceeded  and 
the  AASHTO  predictions  estimated  the  capacity  and  ultimate  stress  in  the 
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Table  3.19  -  Shear  Specifications  versus  Test  Results,  Type  1-3,  1-4  &  II-l 
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strand  for  these  beams  very  well. 

The  experimental  program  also  showed  that  the  formation  of  a  web  shear 
crack  and  its  propagation  across  the  transfer  length  of  the  lower  prestressing 
strand  can  produce  a  premature  failure  due  to  loss  of  bond.  This  loss  of  bond 
results  in  the  beam  not  being  able  to  maintain  equilibrium  at  the  support.  The 
formation  of  a  web  shear  crack  is  an  elastic  problem  occurring  when  the  ten- 
sile strength  of  the  concrete  is  exceeded.  The  AASHTO  prediction  of  the  for- 
mation of  this  crack  was  excellent.  Although  the  specimens  tested  in  this 
study  had  minimum  amounts  of  shear  reinforcement  at  the  end  regions,  it  is 
felt  that  the  use  of  higher  strength  concrete  in  pretensioned  beams  requires  an 
evaluation  of  the  efficiency  of  the  shear  reinforcement  in  preventing  this  mode 
of  failure. 

The  geometry,  concrete  strength,  prestressing  force,  and  amount  of  web 
reinforcement  did  not  allow  this  study  to  evaluate  the  formation  of  a  flexure 
shear  crack  as  the  failure  mechanism  as  predicted  by  1983  AASHTO  Equation 
for  Vc;.  However,  the  modifications  made  to  this  equation  from  that  first  pro- 
posed by  the  Illinois  work  has  made  this  provision  quite  conservative.  This 
phenomena  was  also  found  in  the  University  of  Cornell  study.  This  was  illus- 
trated in  the  beams  tested  where  the  flexure  shear  capacity  controlled  the 
predicted  concrete  contribution;  however,  the  actual  capacity  of  the  beams 
was  significantly  greater  as  shown  by  beams  Type  1-1,  1-2  and  II-2. 

Two  methods  to  predict  the  transfer  length  of  the  prestressing  were  com- 
pared. Results  indicate  that  the  use  of  the  proposed  equation  by  Zia  and 
Mostafa  better  predicts  the  transfer  length  of  the  prestressing  strand  for 
these  beams. 

The  truss  model  approach  provided  a  behavioral  model  on  the  ultimate 
strength  of  the  beams  under  flexure  and  shear.  The  truss  model  gives  the 
engineer  an  overall  behavioral  tool  rather  than  the  current  section  analysis 
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conducted  for  flexure  and  shear.  The  effects  of  web  reinforcement,  concrete 
contribution  and  the  importance  of  strand  anchorage  and  development  are 
better  illustrated  by  this  approach. 
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CHAPTER  4 

BRIDGE  ANALYSIS  EXAMPLE 


4.1    General 

In  addition  to  higher  strength  concrete,  modified  I-sections  have  been 
used  to  obtain  longer  bridge  spans.  One  characteristic  of  these  modified  I- 
sections  is  the  use  of  a  reduced  web  width.  The  reduction  in  dead  load  pro- 
duced by  the  thinner  web  increases  the  available  moment  capacity  resisting 
live  loads.  However,  the  shear  design  generally  requires  increased  amounts  of 
web  reinforcement  due  to  the  reduction  of  the  concrete  contribution  resulting 
from  the  thinner  web.  The  use  of  Grade  60  web  reinforcement  compared  to 
Grade  40  has  allowed  the  designer  to  obtain  the  required  shear  capacity  and 
at  the  same  time  maintain  spacing  requirements.  Longer  bridge  spans  pro- 
duce high  shear  demands  near  support  regions;  however,  the  end  blocks, 
which  were  once  used  to  control  stresses  produced  at  the  ends  of  the  beams 
due  to  prestressing,  have  long  since  not  been  utilized  in  the  State  of  Indiana. 
In  general,  the  use  of  thinner  webs,  longer  bridge  spans,  and  the  discontinued 
use  of  end  blocks  have  made  end  regions  of  bridge  spans  critical  in  the  shear 
design.  A  detailing  problem  was  shown  in  Chapter  3  involving  a  premature 
failure  of  a  prestressed  I-girder  due  to  the  formation  and  propagation  of  a 
web  shear  crack  crossing  the  flexural  reinforcement  near  the  non-continuous 
end  region  of  a  prestressed  I-girder. 

The  end  region  of  a  bridge  structure  is  analyzed  in  this  chapter  to  further 
evaluate  current  shear  design  specifications.    Also,  the  analysis  of  the  lateral 
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stability  of  the  I-section  in  the  structure  is  conducted. 

4.2   Bridge  Information 

The  Granville  Bridge  was  the  structure  chosen  for  analysis.  The  bridge 
is  an  eight  span  continuous  structure  spanning  the  Wabash  River  south  of 
Lafayette,  Indiana.  The  superstructure  consists  of  modified  Illinois  Type  IV 
prestressed  I-sections  and  a  cast-in-place  slab.  Precast  deck  panels  were  used 
in  the  fabrication  of  the  deck.  The  cross  section  of  the  super-structure  is 
shown  Figure  4.1,  consisted  of  five  I-beams  spaced  laterally  on  75  inch  centers 
support  the  8  inch  thick,  31  foot  wide,  cast-in-place  slab.  Reinforced  concrete 
parapets  are  to  be  placed  on  each  side  of  the  deck. 

The  modified  Illinois  Type  IV  is  an  Illinois  Type  IV  with  a  larger  top 
flange  as  shown  in  Figure  4.2.  The  Illinois  Type  rV  on  the  other  hand  is  a 
modified  AASHTO  Type  IV.  The  web  width  of  the  Illinois  Type  TV  is  6  inches 
as  compared  to  the  8  inch  web  AASHTO  Type  rV  The  weights  of  the  Illinois 
Type  TV  and  the  AASHTO  Type  rV  are  624  plf  and  822  plf,  respectively.  This 
represents  a  24%  reduction  in  dead  load.  The  top  flange  of  the  modified  Illi- 
nois Type  rV  was  increased  to  produce  a  stiffer  section  in  the  weak  direction. 
This  would  aid  in  the  handling  of  the  I-section  and  especially  the  lateral  sta- 
bility. Also,  the  additional  stiffness  would  aid  in  the  control  of  deflections  and 
the  increased  height  would  produce  a  larger  internal  moment  arm  which 
would  be  helpful  in  resisting  flexure  and  shear. 

4.2.1   Lateral  Stability  Analysis 

A  super-structure  consisting  of  a  cast-in-place  slab  and  prestressed  Illi- 
nois Type  W  I-beams  was  recently  constructed  in  the  State  of  Indiana.  The 
beams  in  the  center  span  were  119'-6"  long.  Handling  pick  up  points  were 
placed  2  feet  from  each  end  of  the  beam  producing  a  unsupported  length  of 
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Figure  4.2  -  Cross  Section  of  Modified  Illinois  Type  IV 
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115'-6".  After  transfer  of  the  prestress  to  the  I  section,  the  fabricator 
attempted  to  move  the  beam  from  the  casting  bed  to  the  storage  yard.  The 
section  cleared  the  side  forms  when,  the  top  of  the  beam  deflected  laterally. 
Unaware  of  a  lateral  stability  problem,  the  fabricator  provided  no  temporary 
support  to  the  top  flange  and  the  section  collapsed.  The  strongback  shown  in 
Figure  4.3  was  fabricated  for  use  in  subsequent  handling  of  the  beams.  This 
system  proved  to  give  the  necessary  lateral  support  to  the  I-section  during 
handling  and  transportation.  On  the  other  hand,  the  interior  beams  of  the 
Granville  bridge  are  117'-6"  in  length.  A  comparison  of  the  lateral  stability 
for  the  Illinois  Type  IV  and  modified  Illinois  Type  TV  sections  is  given  in  Table 
4.1.  Using  the  PCI  Design  Handbook  method  to  evaluate  the  lateral  stability 
of  the  Illinois  Type  IV,  a  factor  of  safety  of  0.64  was  calculated.  Hence, 
predicting  the  collapse  of  the  Illinois  Type  IV.  The  pick  up  points  for  the 
modified  Illinois  Type  IV  in  the  Granville  Bridge  were  placed  9.5  feet  from  the 
end  of  each  beam.  Prestressing  strand  was  placed  at  the  top  flange  to  control 
the  tensile  stresses  produced  by  the  overhang.  The  top  prestressing  strand, 
reduced  unsupported  length,  and  the  additional  top  flange  resulted  in  a  factor 
of  safety  against  lateral  buckling  of  1.52.  The  shipment  of  the  beams  was  per- 
formed without  the  use  of  a  strongback  and  no  problems  were  encountered 
related  to  the  lateral  stability. 

4.2.2    Shear  Analysis 

In  this  section  the  shear  analysis  of  the  beams  in  the  exterior  span  for 
the  Granville  Bridge  will  be  presented.  Each  of  the  three  design  provisions 
reviewed  in  this  report  is  evaluated  near  the  support  region.  The  overall 
height  of  the  section  is  68  inches  with  1.5  inches  considered  as  non-structural 
producing  a  structural  height  of  66.5  inches.  The  section  properties  for  the 
modified  Illinois  Type  IV  and  the  transformed  composite  section  are  given  in 
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Table  4.1  -  Lateral  Stability  Evaluation 


Beam                  Iy            yt  w0          fci  Eci 

(in4)  (in)  (plf)  (psi)  (ksi) 

Illinois  Type  IV       13670  29.03  624  5000  4030 

Modified 

Illinois  Type  IV       21160  28.69  777  5000  4030 


Factor  of  Safety  =   — 


Eci  =  57  V£  (ks 


Beam  1            f)  F.S.                                   Comments 

(ft)  (in) 

Illinois  119.5                               total  beam  length 

Type  IV  115.5  45.4  0.64      pick  up  points  at  2  feet  from  end  of  beam 

Modified  117.5                                total  beam  length 

Illinois  113.5  34.0  0.84       pick  up  points  at  2  feet  from  end  of  beam 

Type  IV  98.5  18.9  1.52      pick  up  points  at  9.5  feet  from  end  of  beam 
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Table  4.2.  Figure  4.4  shows  the  composite  section.  The  design  28  day  compres- 
sive concrete  strength  for  the  I-section,  deck  panel  and  cast-in-place  slab  is 
6000  psi,  5000  psi  and  3000  psi,  respectively. 

The  factored  and  service  load  shear  envelopes  along  with  the  1983 
AASHTO  prediction  of  a  web  shear  crack,  Vcw  for  the  first  30  feet  of  exterior 
span  are  shown  in  Figure  4.5.  The  shear  envelopes  were  developed  using  truck 
and  lane  loads  as  specified  by  AASHTO.  In  addition,  the  elastic  solution 
predicting  a  web  shear  crack  with  the  concrete  tensile  strength  equal  to 
4  \/fc  is  shown. 

The  critical  section  was  taken  at  —  from  the  face  of  the  support.    The 

face  of  the  support  is  located  15  inches  from  the  end  of  the  beam.  The  pres- 
tressing  strand  is  1/2  inch,  Grade  270,  Lo-Lax  Special.  Assuming  10%  initial 
losses,  20%  total  losses,  5000  psi  concrete  strength  at  transfer,  and  75%  fpu 
jacking  stress,  the  transfer  length  of  the  strand  is  27.0  inches  as  given  by 

AASHTO  provisions,  Lt  =  —  d^,  and  22.7  inches  as  given  by  the  Zia  and 

fsi 

Mostafa  proposed  equation,  Lt  =  1.5  —  db  —  4.6.    Both  transfer  lengths  of 

*ci 

27.0  and  22.7  inches  are  within  the  shear  span.  Figure  4.5  shows  that  at  the 
critical  section,  the  shear  produced  by  service  loads  is  135  kips  and  the  web 
shear  capacity  predicted  by  AASHTO  is  163.2  kips  producing  a  factor  of 
safety  of  1.20.  Using  the  elastic  solution,  the  web  shear  capacity  is  193.6  kips 
resulting  in  a  factor  of  safety  of  1.43.  Unlike  ACI  Specifications,  AASHTO 
specifications  do  not  allow  the  designer  to  use  the  elastic  approach  as  an 
alternative. 

At   —  from  the  support  face  the  factored  shear  is  239.2  kips  and  the 

web-shear  cracking  capacity  predicted  by  AASHTO  is  163.2  kips.  At  ultimate 
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Table  4.2  -  Section  Properties 
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load  level,  the  formation  of  a  web  shear  crack  will  most  likely  occur  and,  with 
the  transfer  length  within  the  shear  span,  the  further  propagation  of  this 
crack  could  lead  to  anchorage  failure  of  the  strand.  Further  work  is  needed 
to  evaluate  the  efficiency  of  the  shear  reinforcement  in  preventing  this  mode 
of  failure,  in  particular  if  higher  strength  concretes  are  being  used. 

Using  the  factored  load  envelope,  the  three  design  equations  are 
evaluated  for  this  span  with  the  following  conditions:  j=0.95,  d=62.5  inches, 
and  for  the  web  reinforcement,  Av  =  0.4  in2  and  fy  =  60000  psi.  The  factored 
shear  at  the  critical  section  and  the  quarter  point  is  239.2  kips  and  137.2  kips, 
respectively.  The  quarter  point  shear  value  is  used  in  the  AASHTO  1979 
Interim  Specifications.  The  required  spacing  shall  be  calculated  for  each 
design  method. 

IDOH 


Sreq   "3  y 


4    Av  fy  h. 

— =  8.9  inches 


AASHTO  1979  Interim  with  Vu  at  quarter  point  (0.25L) 

Av  fy  jd 
S"<  =  2  V.  -  180  b„  jd   =  "31  inCheS 


1983  AASHTO  with  Vcw  at  —  =  163.2  kips 


Av  f y  d 
sreq  =  v    _v —  =  19-7  inches 

*  u         *  cw 


The  required  web  reinforcement  spacing  of  43.1  inches  using  the  AASHTO 
1979  Interim  Specifications  and  the  factored  shear  load  at  the  quarter  point 
appears  excessive  as  compared  to  the  other  two  methods.  For  this  structure 
and  using  the  AASHTO  1979  Interim  Specifications,  the  spacing  of  the  web 
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reinforcement  would  be  controlled  by  the  tie  spacing  as  specified  by  the  hor- 
izontal shear  strength  requirements. 

The  IDOH  specifications  requires  a  spacing  of  8.9  inches.  Though  the 
method  is  simple  to  use,  it  appears  to  be  conservative  near  the  end  region  as 
compared  to  the  1983  AASHTO  Specifications. 

4.3   Summary 

The  use  of  higher  strength  concrete  in  prestressed  I  beams  can  result  in 
longer  span  lengths.  The  transportation  and  handling  of  these  beams  may 
become  critical  and  a  lateral  stability  analysis  need  to  be  conducted.  The  use 
of  the  PCI  method  to  calculate  the  factor  of  safety  of  lateral  buckling  appears 
to  be  satisfactory  as  indicated  by  the  two  beams  described.  It  predicted  the 
failure  of  the  Illinois  Type  IV  where  the  use  of  temporary  strongbacks  were 
required  to  successfully  handle  and  transport  the  beams.  The  PCI  method 
also  indicates  that  the  modifications  made  to  the  Illinois  Type  TV  used  in  the 
Granville  bridge  provided  adequate  lateral  stiffness.  These  I-sections  were 
successfully  handled  and  transported  to  the  bridge  site. 

The  current  IDOH  specifications  are  easy  to  use  and  give  conservative 
results  as  compared  to  the  1979  and  1983  AASHTO  Specifications.  The  1979 
AASHTO  Specifications,  which  do  not  recognize  the  formation  of  web  shear 
cracks,  lead  to  excessive  spacing  of  reinforcement  with  the  horizontal  shear 
requirements  generally  controlling  the  spacing  at  the  end  regions  of  exterior 
spans.  Application  of  the  1983  AASHTO  specifications  can  be  very  difficult 
and  cumbersome  to  apply  especially  the  Vcj  calculation.  At  simple  supports  of 
typical  bridge  structures  the  support  centerline  is  usually  between  six  and 
twelve  inches  from  the  end  of  the  beam,  and  as  a  result,  the  transfer  length  of 
the  strand  extends  into  the  shear  span.  Three  tests  conducted  during  this 
study,    using    this    standard    detailing,    resulted    in    a    premature    strand 
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anchorage  failure  as  a  web-shear  crack  penetrated  into  the  transfer  length  of 
the  strand.  Although  the  specimens  tested  in  this  study  had  minimum 
amounts  of  shear  reinforcement  at  the  end  regions,  it  is  felt  that  the  use  of 
higher  strength  concrete  in  pretensioned  beams  requires  an  evaluation  of  the 
efficiency  of  the  shear  reinforcement  in  preventing  this  mode  of  failure. 

In  general,  the  engineer  needs  to  be  aware  of  this  problem.  To  develop 
the  full  shear  capacity  of  the  beam  resisting  factored  loads  for  members  with 
relatively  thin  webs,  it  is  essential  that  the  transfer  length  of  the  prestressing 
strand  be  protected  from  any  additional  increase  in  stress  due  to  a  web  shear 
crack. 
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CHAPTER  5 

SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


5.1    Summary 

This  report  presented  a  detailed  evaluation  of  the  ultimate  behavior  of 
AASHTO  I-beams  with  concrete  strengths  up  to  9000  psi.  The  findings  of  this 
research  study  were  used  to  evaluate  relevant  AASHTO  and  IDOH  design 
specifications. 

The  use  of  high  strength  concrete  in  the  fabrication  of  prestressed  I- 
girders  has  little  effect  on  the  ultimate  flexural  capacity  of  the  composite  sec- 
tion as  long  as  the  transfer  requirements  remain  unchanged.  High  strength 
concrete  does  produce  benefits  when  evaluating  stresses  and  deflections  due  to 
service  loads. 

The  ultimate  shear  carrying  capacity  of  the  composite  structure  is  mainly 
carried  by  the  precast  I-beam  and  it  is  directly  affected  by  the  increase  in  the 
concrete  compressive  strength.  Three  different  methods  are  available  to 
evaluate  the  shear  strength.  AASHTO  Specifications  present  two  possible 
alternatives.  In  addition,  IDOH  allows  a  third  alternative  for  the  design  of  the 
web  reinforcement.  The  provision  presented  in  the  1983  AASHTO 
specifications  is  the  more  detailed  analysis  procedure;  however,  the  use  of  this 
approach  in  analysis  and  design  is  cumbersome  and  unclear  for  continuous 
structures.  The  approach  in  the  AASHTO  1979  Interim  Specifications  is 
easier  to  apply,  but  it  has  shortcomings  in  the  evaluation  of  composite  sec- 
tions.    The  IDOH  Specifications,   the  simplest  of  the   three   methods,   is   a 
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modification  of  some  of  the  earliest  recommendations  for  prestressed  concrete 
members. 

The  experimental  program  in  this  study  included  nine  tests  on  six 
AASHTO  prestressed  I-beams  without  a  cast-in-place  slab,  ie.  non-composite. 
The  beams  were  tested  non-composite  since  the  shear  capacity  of  a  composite 
section  is  mainly  a  function  of  the  precast  I-beam.  To  produce  a  shear  failure 
in  the  beams  tested,  a  relatively  short  shear  span  to  structural  depth  ratio 
was  used,  and  the  behavior  was  controlled  by  the  web  shear  cracking 
phenomena. 

5.2   Conclusions 

The  findings  of  the  experimental  program  indicated  that  in  regard  to  the 
three  procedures  reviewed,  the  IDOH  Specifications  are  the  most  conservative. 
The  AASHTO  1979  Interim  Specifications  which  do  not  recognize  the  forma- 
tion of  web  shear  cracks  were  found  to  under-estimate  the  shear  capacity  in 
regions  were  web  shear  cracks  occur.  The  1983  AASHTO  Specifications,  which 
predicts  the  formation  of  a  web  shear  crack,  is  an  empirical  approximation  to 
an  elastic  solution  and  is  quite  accurate  in  predicting  the  formation  of  web 
shear  cracks.  The  1983  AASHTO  recommendations  were  found  to  give  the 
best  estimate  of  the  overall  shear  strength. 

A  study  conducted  at  the  University  of  Cornell  evaluated  the  1983 
AASHTO  Shear  Specifications  for  concrete  compressive  strengths  up  to  12000 
psi.  Test  results  indicated  that  these  recommendations  used  to  predict  the 
concrete  contribution  representing  web  shear  and  inclined  flexure  cracks  were 
conservative  for  this  higher  strength  concrete.  In  the  evaluation  conducted  in 
Chapter  2  of  this  report  the  IDOH  and  AASHTO  1979  Interim  recommenda- 
tions were  also  found  to  be  conservative  for  these  specimens. 
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In  the  experimental  part  of  this  research  study,  the  first  two  beams  tested 
had  two  and  three  foot  overhangs,  respectively  which  were  used  to  keep  the 
transfer  length  of  the  prestressing  strand  out  of  the  shear  span.  This  length 
provided  sufficient  anchorage  to  the  prestressing  strand  which  upon  the  for- 
mation of  a  web  shear  crack  showed  an  increase  in  the  stress  near  the  sup- 
port plate.  However,  in  a  typical  bridge  the  centerline  of  the  exterior  support 
is  between  6  and  12  inches  from  the  end  of  the  beam.  Hence,  the  transfer 
length  of  the  prestressing  strand  usually  extends  past  the  face  of  the  support 
into  the  shear  span.  The  stress  increase  in  the  strand  upon  the  formation  of 
a  web  shear  crack  in  three  of  the  beams  tested  with  the  centerline  of  the  sup- 
port plate  6  inches  from  the  end  of  the  beam  resulted  in  strand  slip  leading  to 
a  premature  failure.  Although  the  beams  tested  in  this  study  had  minimum 
amounts  of  shear  reinforcement  at  the  end  regions,  it  is  felt  that  with  the  use 
of  higher  strength  concretes  the  efficiency  of  the  shear  reinforcement  to 
prevent  this  mode  of  failure  needs  to  be  reevaluated. 

5.3   Recommendations 

The  following  recommendations  are  based  on  the  findings  of  this  research 
study: 

1.  The  use  of  28  day  concrete  compressive  strengths  up  to  6500  psi  in  the 
design  of  pretensioned  I-beams  for  the  State  of  Indiana  can  be  allowed. 

2.  Evaluation  of  deflections  produced  by  loads,  which  do  not  exceed  the 
cracking  capacity  of  the  member,  can  be  adequately  predicted  using  the 
gross  section  properties  and  the  modulus  of  elasticity  given  by  current 
procedures. 

3.  The  current  methods  used  to  evaluate  the  flexure  capacity  of  precast 
composite  I-sections  for  bridges  in  positive  moment  regions  are  adequate 
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for  under-reinforced  sections. 

4.  The  use  of  current  IDOH  Shear  Design  Specifications  for  continuous 
bridges  using  pretensioned  I-beams  and  a  cast-in-place  slab  is  adequate. 

5.  The  transfer  length  of  the  prestressing  strand  must  be  protected  from 
any  additional  increase  in  stress  due  to  web  shear  cracks.  The  forma- 
tion of  web  shear  cracks  is  a  potential  problem  in  bridges  using  modified 
I-sections  with  thinner  webs.  In  the  inspection  of  these  type  of  bridges, 
special  attention  should  be  given  to  the  visual  inspection  near  the  end 
regions  of  exterior  spans. 

5.4   Future  Work 

Further  research  is  needed  to  evaluate  the  efficiency  of  the  stirrup  rein- 
forcement in  preventing  failures  due  to  improper  anchorage  of  the  strand  at 
simple  supports.  The  behavior  of  composite  sections  in  negative  moment 
regions  of  high  shear  and  flexural  stresses  needs  further  study.  Further  work 
is  also  needed  on  the  effects  of  strand  debonding  on  the  strength  of  preten- 
sioned beams.  The  presence  of  debonded  strand  can  possibly  have  detrimen- 
tal effects  on  the  shear  strength  of  pretensioned  members.  A  design  criteria  is 
needed  for  the  adequate  debonding  of  strands. 
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APPENDIX  A 


Stress  Strain  Curves  for  Reinforcement 
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APPENDIX  B 


Elastic  Solution  Predicting  a  Web  Shear  Crack  for  a  Composite  Section 


143 


Elastic  Solution  Predicting  a  Web  Shear  Crack  for  a  Composite  Section 

Assumptions:     unshored  construction 

centroid  of  composite  section  remains  within  the  web 

tensile  strength  of  the  concrete  =  ft 

distance  between  the  centroids  of  the  I-beam  and  the 
composite  section  =  Ay 

Figure  B.l  contains  a  detail  which. is  used  in   the  following  discussion.  . 
Determine  the  compressive  stress  in  the  concrete  at  the  centroid  of  the  compo- 
site section  due  to  both  prestress  and  moments  resisted  by  precast  member 
acting  alone. 


Pe2_  _  Pe2_e2Ay    ,    Md  Ay 
Ab  It 


fpc  =  +  -P-  ~  .  '     + 


The  shear  stress  at  the  centroid  of  the  composite  section  shall  be  calculated 
using  the  formula,  r  —         " 


It 

T  = 

VdQb 
lb  K 

+ 

V,  Qc 

From  Mohr's  circle, 


V 


-r,   \/  <+^- 


Substituting  for  t, 


VdQb      v, 

Ik  b       + 


b   °w 


u^Vut 
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Centroid        \s 

Composite 

Section 


Figure  B.l  -  Elastic  Solution  for  Web  Shear  Crack,  Composite  Section 
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Let  the  load  required  to  produce  a  web  shear  crack  be  equal  to  the  sum  of  the 
live  and  dead  load, 

vcw  =  vd  +  V, 

Combining  the  last  two  equations,  solving  for  Vcw  and  simplifying, 


V      = 

v  cw 


Qc 


V 


1  +  ir-v'!%- 

ft  'b  bw 


+  Vd 
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APPENDIX  C 


Shear  Load  Required  to  Produce  Flexure  and  Shear  Capacities 
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Shear  Load  Required  to  Produce  a  Flexure  Crack  at  Midspan 

Assumptions:     tensile  strength  of  the  concrete  =  7.5  "v  fc 


w0l2 

moment  at  midspan  due  to  dead  load,  M0  = 

8 

the  moment,  M,  is  equal  to  the  shear  load,  V,  multiplied 
by  the  shear  span,  a. 


Determine  the  external  shear  load  to  produce  a  flexure  crack  at  midspan 
taking  into  account  the  effects  of  the  prestress  force  and  dead  load.  Solving 
for  the  tensile  strength  of  the  concrete: 


7  5  a/7"  =       pei  +  pe2    |    Pel  el        Pe2  e2    [    Mp    |    Vcr  a 

Ab  S2  S2  S2  S2 


Solving  for  the  external  load,  Vcr  and  simplifying, 


a 


7.5 


vz 


+ 


Pel  +  Pe2 


Wnl* 


+  Pe2  e2  -  Pel  el 


Shear  Load  Equivalent  to  the  Nominal  Flexure  Capacity 

Take  the  nominal  flexure  capacity  predicted  by  AASHTO  and  divide  this 
by  the  shear  span. 


Vn  =  - 
a 


A      f 

-"■ps  *ps 


dp- 


A      f 

•^ps  *ps 


2  (0.85)  fc  b 
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Shear  Load  Producing  an  Inclined  Flexure  Shear  Crack 


Assumptions:     tensile  strength  of  the  concrete  =  6  V  fc 


wn  a 


moment  at  point  load  due  to  dead  load,  M0  =  — - —  (  1  —  a  ) 


shear  at  point  load  due  to  dead  load,  Vj  =  w0(  — —  a  ) 
The  AASHTO  Equation  predicting  a  flexure  shear  crack  is: 

/ —  VM 

Vci  =  0.6  V f  c  bw  dp  +  Vd  +  — — 

1*  I  m  at 


The  cracking  moment  at  the  point  load  taking  into  account  dead  load  and 
effects  of  the  prestress  force  is; 


Mcr  =  S2 


A/f7+Pel  +  Pe2 


Ab 


w„  a 


(1  -  a)  +  Pe2  e2  -  Pei  ei 


Substituting  the  —  ratio  and  the  dead  load  shear, 

Vci  =  0.6  VfT  bw  dp  +  w0(i  -  a)  + 


Mcr 
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Shear  Load  Producing  a  Web  Shear  Crack 

The  compressive  stress,  fpc,    at  the  centroid  resulting  from  the  effective 
prestress  force  is; 

.       __   Pel  +  Pe2 


'pc 


Ab 


The  shear  load  producing  a  web  shear  crack  is; 

Vcw  =  (  3.5 V*T  +  0.3  fpc  )b.  d, 


150 


APPENDIX  D 


Elastic  Deflections 
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Elastic  Deflections  at  Centerline  and  Quarter  Point 


Assumptions:     use  the  conjugate  beam  method  shown  in  Figure  D.l 
to  calculate  deflections 


Load  the  span  with  the  — —  diagram  and  determine  the  reactions: 
E  I 


Reaction  =  ttt'(*o'  +  ^ 


Determine  the  centerline  defection  by  summing  moments  about  centerline; 


A-l-(f+36)(a+36,-£,f)(36+!,-f4) 


A  .      .... 

Solving  for  the  ratio  —  and  simplifying; 


Centerline  Deflection 

_A  _  2  a3  +  6(36)  a2  +  3(36)2  a 
Y  ~  6  E  I 
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Figure  D.l  -  Deflections  Using  Conjugate  Beam  Method 
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Determine  the  deflection  at  a  distance  x  measured  from  the  centerline  of  the 
support  by  summing  moments  about  the  point  of  interest; 


A       Va.a,  „AU  ,       Vx  .  x2 

A=  eT(2-+36)(x)_  Ef(T 


Solving  for  the  ratio  —  and  simplifying, 


Quarter  Point  Deflection 

_A  =  x(  3a2  +6(36)  a  -  x2 
V  6  EI 
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